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Abstract

Biodegradable polymers have attracted considerable scientific interest due to their reduced
carbon footprint, lower dependence on fossil fuel feedstock, and environmentally benign
degradation behavior. The increasing environmental concerns associated with the extensive use of
conventional petroleum-based plastics have intensified the demand for sustainable and
biodegradable polymeric materials. Among these materials, poly(hexylene succinate) (PHSu)
represents a promising biodegradable aliphatic polyester with potential applications in biomedical
fields. Owing to its physicochemical properties and biocompatibility, PHSu can be utilized in the
development of long-acting injectable formulations. Furthermore, its chemical structure allows
modification through copolymerization strategies, enabling the design of tailored materials with
controlled degradation rates and tunable mechanical properties.

The present work investigates a series of polymer nanocomposites based on PHSu reinforced
with 1 wt.% of different nanoparticles, namely silica (SiO2), montmorillonite (MMT), graphene
oxide (GO), and carbon nanotubes (CNTSs). Differential Scanning Calorimetry (DSC) was used to
study the thermal behavior of the neat polymer and the corresponding nanocomposites, with
particular emphasis on the influence of each nanofiller on the crystallization behavior of PHSu.
Among the four nanofillers examined, CNTs showed the most pronounced nucleating effect,
resulting in a significant increase in the crystallization temperature and the enthalpy of fusion
compared to neat PHSu and the other nanocomposites. These results indicate that CNTs act as
highly effective nucleating agents, promoting the formation of a higher crystalline fraction and

more ordered crystalline structures within the PHSu matrix.

Keywords: biodegradable polymers, biobased polymers, poly(hexylene succinate) (PHSu),
polymer nanocomposites, silica (SiO2), montmorillonite (MMT), graphene oxide (GO), carbon

nanotubes (CNTS), long-acting injectables, DSC, glass transition, crystallization, melting
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1. Theoretical background

1.1 Basic definitions and nomenclature of polymers

Polymers are encountered across numerous aspects of everyday life, ranging from living
organisms to materials used in textiles and clothing, the automobile industry, food packaging,
optics, electronics, drug delivery systems, weapons, tools, writing materials and many other human
necessities (Figure 1). Natural polymers, including DNA, RNA and proteins, have existed since
the emergence of life, whereas the history of synthetic polymers is relatively short. More
specifically, the first semi-synthetic polymeric materials appeared in the mid-19" century, notably
with the production of nitrocellulose in 1846, while fully synthetic polymers were introduced in

the early 20" century through the commercialization of Bakelite. [1]

Electronics

Polymers L
Applications \\\\

Packaging

Automobile

Implants >
industry

~ Dr A

¢/ £ g
v systems

’ #

Figure 1: Schematic illustration of representative polymer applications, such as packaging, implants, drug delivery systems,
automotive industry, and electronics.

A foundational understanding of these materials requires the establishment of the basic

definitions and nomenclature of polymer science. A polymer is a substance consisting of



molecules characterized by long sequences of one or more species of atoms or atomic group
interconnected by typically covalent bonds. The individual molecular entities comprising the
polymer are referred to as macromolecules. A macromolecule is formed by the chemical reaction
of multiple molecules of low relative molar mass, known as monomers, which organize into long
chains. Consequently, monomers are the fundamental chemical units that link together via
covalent bonds to generate these high-molecular-mass polymer structures. As illustrated in Figure
2, the monomer from which polypropene is synthesized is propene. [2] . Another important term
in polymer science is the constitutional unit, which is defined as an atom or a group of atoms that

forms a fundamental component of the essential macromolecule structure.
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Figure 2: Chemical structures of propene (monomer) and polypropene (polymer). The degree of polymerization (n) for the polymer

typically ranges from 103 to 10° repeating units [1].

The chemical process where monomer molecules react to link together and form large, complex
chain-like structures is defined as polymerization. In addition, the number of constitutional units
in a polymer chain is defined as the degree of polymerization [1], [3]. The molecular properties
of selected macromolecules can be highly sensitive to subtle variations in their molecular structure.
In other polymeric classes, including synthetic polymers, molecular properties are largely
unaffected by the addition or removal of a small number of repeating units.

An oligomer molecule is composed of a moderate number of constitutional repeating units, and
its physical properties may undergo significant changes with the addition or removal of even a

single or a few of the units [3].

Based on the types and arrangements of the monomers, polymerization pathways, processing
conditions, and other influencing factors, polymeric materials exhibit a remarkable diversity of

molecular and supramolecular structures. The characteristic lengths of these structural features



span a wide range, from approximately 0.1 nm to 1 mm. At the molecular level , individual
monomers and macromolecular segments are found within the 0.1-10 nm range. Supramolecular
structures typically span from approximately 10 nm to 1 um, while mesoscopic morphological
features extend over length scales of 1-100 um. Finally, macroscopic structural characteristics

occur at dimensions exceeding 0.1 mm [4].

1.1.2 Covalent and secondary bonds in polymers
As mentioned above, the atoms within the constitutional units of a polymer are connected by

covalent bonds, which typically exhibit dissociation energies in the range of 300-500 kJ/mol,
depending on the atoms involved. In contrast, the forces acting between adjacent polymer chains,
which are referred to as intermolecular or secondary bonds, are considerably weaker, with
dissociation energies on the order of a few to 40 kJ/mol. More specifically, secondary bonds
represent the interactions between atoms of different molecules; these forces are fundamentally
electrostatic in origin and play a key role in governing the physical behavior and properties of
polymers. Secondary bonds comprise several different types based on the nature of the interacting

species and exhibit substantially lower bond strengths compared to covalent bonds.

One category of intermolecular interactions includes forces between two ions; however, such
interactions are of limited relevance for most organic polymers. Furthermore, dipole-dipole
interactions occur between molecules that possess permanent dipole moments and contribute
significantly to the cohesion of polar polymers. Hydrogen bonding represents a particularly strong
and specific type of dipole-dipole interaction. In addition, ion-dipole interactions arise between an

ion and a molecule possessing a permanent dipole moment.

On the other hand, non-polar molecules lack permanent dipoles but they can be polarized under
an external electric filed through distortion of electronic clouds, resulting in induced dipoles.
Polyethylene is a representative example of a non-polar polymer, despite the presence of local
dipole moments in its methylene units (Figure 3). Due to the symmetry of the chain structure, the
dipole moments of adjacent methylene groups cancel, resulting in a zero net dipole moment.

London dispersion forces originate from instantaneous electron density fluctuations and are



present in all atoms and molecules. These forces dominate the intermolecular cohesion in non-

polar polymers, while also contributing alongside other interactions in polar systems [2].

Figure 3: Repeating unit of polyethylene illustrating the net dipole moments, indicated by arrows. The arrow lengths do not

represent the relative magnitudes of the dipole moments [2].

1.1.3 Molecular architecture
Polymers can be categorized into distinct groups according to their macromolecular skeletal

structure. In a linear macromolecule, repeating units are arranged sequentially along a single

polymer chain. [3]

In contrast to linear polymers, cyclic (ring) polymers lack chain ends and form a closed loop as
shown in Figure 4. Moreover, branched polymers are composed of a main polymer chain to
which side chains are bonded and the specific locations of these attachments are termed junction
points. Network polymers (also known as crosslinked) exhibit a three-dimensional architecture
where polymer chains are interconnected via junction points and the number of junction points per

unit volume is defined as crosslink density.
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Figure 4: Representations of conventional macromolecular skeletal structures: linear, cyclic, branched and network polymers [1].
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It is worth noting that variations in macromolecular structure are responsible for substantial
differences in polymer properties. A classic example is the sulfur-vulcanization of natural rubber,
where a low crosslink density produces a flexible elastomer, while increasing the crosslink density
yields a rigid and mechanically stiff material.

There are also more elaborate skeletal forms of macromolecules, including dendrimers (Figure
5), which are characterized by a high degree of branching, as well as a precisely defined structure
and molar mass. A related category of complex architecture is exemplified by hyperbranched
polymers (Figure 5), while these are also distinguished by significant branching density, they
exhibit a random structure and a broad molar mass distribution. The aforementioned classes of
polymers are ideal candidates for advanced biomedical applications such as targeted drug delivery,

owing to their void-containing structures and the abundance of end groups at their periphery.



Dendrimer Hyperbranched polymer

Figure 5: Schematic representations of the skeletal structures of dendrimers and hyperbranched polymer systems [1].

1.1.4 Homopolymers and copolymers
Based on the number of monomer species employed in the synthesis of repeat units, polymers

can be classified into homopolymers and copolymers. According to the strict definition of the
International Union of Pure and Applied Chemistry (IUPAC), homopolymers consist of a single
type of monomer species repeated along the polymer chain. However, the term is frequently
applied more broadly to describe structures characterized by a single constitutional repeating unit,
even if that unit is derived from multiple distinct monomer species. Typical examples of
homopolymers that the repeat unit is the same with monomer unit are polyethylene (PE),
polypropene (PP), polytetrafluoroethylene (PTFE) and poly(methyl methacrylate) (PMMA). In
contrast, poly(ethylene terephthalate) (PET) and poly(hexamethylene sebacamide) (nylon 6.10)

possess constitutional units derived from two distinct monomer species.

On the other hand, polymers derived from two or more types of monomeric units are referred to
as copolymers. Copolymers are subdivided into several categories, each defined by the specific
sequential distribution of the repeating unit along the polymer chain. More specifically, a
copolymer comprises two species of monomeric units in alternating sequence is known as
alternating copolymer. In addition, statistical copolymers are those in which the monomeric
units along the polymer chain are arranged according to statistical laws, the monomer sequence is
governed by Markovian statistics. In contrast, random copolymers obey Bernoullian statistics,
where the sequential distribution of monomeric units is independent of the identity of the preceding

unit.



A further category of copolymers is block copolymers, which is defined as linear polymer in
which repeat units are arranged in extensive sequences, known as blocks. The distinct nature of
these blocks may arise either from the use of different monomer species or from different
stereochemical configurations of a single monomer [1]. Moreover, graft copolymers consist of a
main chain, potentially composed of a single or multiple blocks, with side chains attached to the
main chain. It should be noted that the side chains exhibit constitutional or configurational features
distinct from those of the backbone chain [3]. Figure 6 illustrates some of the common polymer
architectures.

a  Homopolymer 00000000000000000000000000000000000000
b Block-copolymer 0000000000000 888888888888 00000000000

C Graft-copolymer

d  Alternating copolymer 0 e 0 0 0 0 ¢ 0 0 0 00 0 0 0 0 0 0 0

e Statistical copolymer O8808088800808000880080880008080800800

Figure 6: Schematic representation of common polymer architecture, (a) homopolymer, (b) block copolymer, (c) graft copolymer,
(d) alternating copolymer, and (e) statistical copolymer. Open circles denote monomeric unit A; filled circles denote monomeric

unit B [2] ; labels (a-e) were added by the author for clarity.

1.1.5 Configuration and conformation
A polymer’s material properties are governed by the stereochemistry and spatial configuration of

its monomeric units, and by how these distinct arrangements are sequenced throughout the
macromolecular chain. [1] Delving deeper into the domain of stereochemistry, isomers are
chemical entities, either molecules or ions, that share the same molecular formula and therefore
the same molar mass, but differ in their physical and/or chemical properties. When this difference

arises from variations in bond connectivity, the species are referred to as constitutional or



structural isomers. Furthermore, stereoisomers are isomers that have identical molecular
formulas and bond connectivity but differ in the spatial arrangement of their atoms. More

specifically, they are classified into conformational and configurational isomers. [5]

The term configuration refers to the permanent spatial arrangement of atoms within a molecule.
The stereo-structure of polymers is established during the polymerization process and cannot be
altered without the rupture of covalent bonds. [2], [5] An example of two configurational isomers
of 1,4-polybutadiene is shown in Figure 7, where the central carbon-carbon double bond is rigid
and does not allow rotational freedom, distinguishing the cis isomer (with both constituents on the
same side of the double bond) from the trans isomer (with substituents on opposite sides) [2].

Cis Trans
Figure 7: Two configurational stereoisomeric structures of 1,4-polybutadiene, (a) the cis isomer and (b) the trans isomer. Only the

constitutional repeating unit with a rigid central double bond is illustrated [2].

It is important to note that the tacticity of a polymer strongly affects its physical structure and,
consequently, its macroscopic properties. In accordance with IUPAC recommendations, tacticity
refers to the degree of order in the sequential arrangement of configurational base units along the
main polymer chain. Isotactic polymers consist of repeat units that all possess the same
configuration as depicted in Figure 8. Syndiotactic polymers exhibit a stereoregular structure in
which successive repeat units adopt alternating configurations along the main chain. In contrast,
atactic polymers contain equal numbers of stereo-forms that are randomly distributed along the
chain [2].
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Figure 8: Schematic representation of different stereochemical forms of polymers derived from monomers of the type CH,=CXY

[1].

In contrast to configurational isomerism, conformational isomerism represents the existence of
different spatial arrangements of the atoms of a molecule, while maintaining identical bond
connectivity and configuration. Such different arrangements arise from rapid rotations around the
single bonds and do not require the breaking of covalent bonds. Transitions between
conformational isomers require only modest amounts of energy, which allows rapid
interconversion between different conformations at room temperature. For a clearer understanding
of conformational arrangements, it is necessary to first define the concept of the dihedral angle. A
dihedral angle characterizes the spatial relationship between groups attached to two adjacent
atoms and depends on rotation about the bond connecting them. The dihedral angle is most
conveniently visualized using a Newman projection, which represents the spatial relationship
between groups attached to two adjacent carbon atoms by viewing the molecule along the bond
connecting them. It should be noted that changes in the dihedral angle give rise to different
conformations of a molecule, such as staggered (+ 60 degrees), eclipsed (0 degrees) and skewed
(0 degrees < 6< 60 degrees), as shown in Figure 9A for ethane. In addition, for n-butane and similar
systems (Figure 9B), two principal conformations are defined based on the relative positions of

methyl groups; the anti-conformation, where two methyl groups are oriented approximately 180°
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apart and the gauche conformation, where the methyl groups are separated by about 60°. Lastly,
Figure 9C presents the major conformations of (S,S)-3-bromo-2-butanol, which arise from

rotation around the C-C bond.

A H
i a0 H Yoe
H———H
H | H
H
H
ethane staggered skewed eclipsed
® @ -0 H-
. é\’
Ho - H
H H
©H;
anti gauch eclipsed
n-butane relative position of 4@Hs group and dihedral angle between them
(C) ©H;
H_
HO—1—
©H;
(2S,3S)-3-bromo-2-butanol  conformations of (2S,3S)-3-bromo-2-butanol

Figure 9: Key conformational isomers of (A) ethane, (B) n-butane and (C) (2S,3S)-3-bromo-2-butanol [5].

1.1.6 Molar mass
The molar mass of a polymer is a fundamental parameter, as it determines the size of the polymer

chains and consequently many of its properties. The molar mass (M) of a polymer is defined as

the mass of one mole of a polymer and it is conventionally expressed in units of g mol™ or kg mol-
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! while the term molecular weight refers to the mass of an individual molecule. It is worth noting
that, in the case of network polymers, only the molar mass of the polymer segments between

junction point is meaningful.

The molar mass of a homopolymer is given by the product of the degree of polymerization (x)
and the molar mass of the repeat unit (Mo).

M = XMO (1.1)

For copolymers the molar mass is calculated according to the following equation

MEP = ij M (12)
Where

X;: the mole fraction.

Mg : the molar mass of repeat units of species j” in the copolymer.

The majority of polymers is composed of a variety of macromolecules, each of which may have
a different molar mass. As a result, polymeric materials are characterized by a molar mass
distribution. More specifically, the molar mass distribution of polymers is commonly described
using molar mass averages. First, the number-average molar mass (M,,) represents the mean
molar mass of a polymer sample and is calculated as the sum of each molar mass multiplied by its

corresponding mole fraction.

i, = ZXL-ML- (1.3)
Where
X;: the mole fraction of a specific type of molecules.
M;: the molar mass of a specific type of molecules.

By substituting the mole fraction (X;), the following expression is obtained.
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(1.4)

N;: the number of molecules of a specific type.

In many cases, it is more convenient to describe polymer samples using weight fractions instead
of the number of molecules. The weight fraction (w;) is obtained by dividing the mass of molecules

with molar mass M; by the total mass of the polymer sample.

w; = ZN&I:/[AZ (1.5) = z (%) _ ZZNIiVA;i (1.6)

By combining Equations (1.4) and (1.6), M,, can be expressed in terms of weight fraction.

_ 1

M=sowmy D

Another molar mass average is the weight-average molar mass (M,,), which represents the
average polymer weight and is calculated by summing the molar masses of the polymer fractions,

each multiplied by its respective weight fraction.
MW = Z WiMi (18)

Equation (1.8), when combined with Equation (1.5), yields an expression for M,, based on the

number of molecules.

_ Y NM}
Y I N

(1.9)

In the case of polymers that exhibit a broad distribution of chain lengths, known as non-uniform
polymers, the breadth of molar mass distribution is quantified by the ratio M, /M,,. When this ratio
exceeds unity, the polymer is characterized as polydisperse and in accordance with IUPAC
recommendations, this parameter is defined as molar mass dispersity, B, = M,,/M,,. In addition,
the breadth of the molar mass distribution can also be quantified by its standard deviation (o),

which is related to the dispersity through the following equation.
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o
— =Py — D2 1.10
7= ®u=D (1.10)
In the limiting case where b,, equals unity, c becomes zero, corresponding to a uniform polymer
sample in which all macromolecules have identical molar mass. Another parameter used to
characterize polymer dispersity is the degree-of-polymerization dispersity (By), which is given
by the ratio of the weight-average to the number-average degree of polymerization, and for the

majority of polymers, is equivalent to the molar-mass dispersity. [2]

In measurement techniques such as sedimentation equilibrium and dynamic light scattering is
commonly employed the z-average molar mass (M,), which is defined by the following

expression.

_ NN MP YwM?
YN ME YwiM;

(1.11)

In addition to the primary three averages, the viscosity-average molar mass (M,,) is determined
from the intrinsic viscosity [n], via the Mark-Houwink equation ([n] = KMg). The viscosity-

average molar mass can be expressed by the following relation.

1
_ (2 NL-M}*‘I)a

=\var (1.12)

v

Where the exponential a ranges from 0.5 to 0.8 and is determined by the polymer-solvent system.
It should be noted that the viscosity-average molar mass typically assumes a value intermediate
between the number-average and weight-average molar mass, often lying closer to the latter. [2]

Figure 10 represents a typical continuous molar mass distribution for a non-uniform polymer with
a Schultz-Flory distribution with Ma: Mw: M = 1:2:3. Asillustrated, the distribution is asymmetric,
with a pronounced high-molar-mass tail. This asymmetry leads to a distinct separation of different
statistical averages of molar mass. More specifically, the number-average molar mass (M,,)
corresponds to the lowest value of the distribution. Consequently, it is positioned closer to the peak
of the distribution curve, where the most frequent chains are found. However, the weight-average
molar mass (M,,) is shifted toward higher molas masses because it is more sensitive to the presence

of heavier molecules in the distribution. Finally, the z-average molar mass (M,) is shifted even



further to the right, reflecting its strong sensitivity to the largest chains in the sample, confirming
the relationship M,, < M,, < M, [1].

Number average
i

Viscosity average

Weight average

z-average
g

———— > Weight of polymer in size interval

—— = Length of chain

Figure 10: Schematic representation of molar mass distribution in a polymer with a Schultz-Flory distribution with M,: M,: M, =

1:2:3 [6].

1.1.7 Chain dimensions
The overall shape of a polymer molecule is strongly influenced by its chemical structure,

particularly through its effect on chain stiffness. Owing to the generally flexible nature of polymer
chains, they tend to assume highly coiled configurations, often approximated as random coils.[1]

14
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The total backbone length of a polymer chain is known as contour length (rc) and for a chain
consisting of N backbone bonds of length [, the contour length is given by the following

expression.
7. = NI (1.13)

However, for flexible linear chains, chain dimensions are more realistically characterized by end-
to-end distance (r), which is the distance between the terminal monomers of the polymer chain.
A backbone does not possess a unique end-to-end distance because polymer chains undergo
continuous conformational changes. Thus, the chain is characterized by a probability distribution
of end-to-end distances, which is commonly expressed through the root mean square end-to-end
distance (r2)'/2. The simplest model for calculating the average end-to-end distance is that of a
freely-jointed chain (Fig.11), where all backbone bonds are of equal length [. The end-to-end

vector r is defined as the sum of the individual bond vectors, according to the following equation.

N

r= z T; (1.14)

i
And the square of the end-to-end distance (r2) is given by:
N N N N-1 N
r? = Zri = Z 2 +2 Z Ti7; (1.15)
i=1 (=1

i j=1 i i=1 j=i+1

The validity of Equation (1.13) extends to all polymer chains, independent of their molecular
structure, including those with non-identical backbone atoms. Upon performing the necessary

algebraic manipulations, Equation (1.15) takes the form:
N-1 N
(r2) = NI2 + 202 Z z (cos 8;,) (1.16)
i=1 j=i+1
Where

6;; - the angle between the two bond vectors.



More specifically, the first term of Equation (1.16), N1?, represents the contribution to the mean-
square end-to-end distance arising only from the existence of bonds themselves. The second term,
given by the double sum, accounts for correlations between different bond orientations and

therefore reflects the degree of chain stiffness along the polymer backbone.

In the case of a freely jointed chain under ideal chain conditions, where the orientations of

different bonds are completely uncorrelated, the average value (cos 6;;) vanishes fori # j. As a

result, the whole second term in Equation (1.16) becomes zero, yielding (r2) = NI2.

For polymer chains with correlated bond orientations, such as chains with fixed bond angles or
intrinsic stiffness, the average cosine terms are positive. Consequently, the second term contributes
positively to (r?), leading to a polymer coil size larger than that predicted by the freely jointed

chain model, as shown in Figure 10.

Figure 11: Schematic representation of the freely jointed chain model. The polymer is depicted as a random walk consisting of N

segments, each of length L. The vector r represents the end-to-end distance of the chain [2].

From an experimental perspective, the size of a polymer random coil in dilute solution is
commonly determined using techniques such as light scattering and viscometry. Polymer chain
dimensions are highly sensitive to both the surrounding environment and temperature. In good
solvents, favorable polymer-solvent interactions promote coil expansion, whereas poor solvents

lead to chain contraction. The intermediate case corresponds to the theta solvents, in which these

16
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opposing effects are balanced. It is worth noting that a variety of computer simulations have been

developed to estimate the size of polymer chains, such Monte Carlo methods. [2]

The stiffness of a polymer chain is commonly characterized by the persistence length (1), as
illustrated in Figure 12. Within the framework of the ‘worm-like chain’ model, introduced by
Kratky and Porod, [, is defined as the characteristic length over which correlations the tangent
vectors along of polymer backbone remain correlated. Mathematically, the persistence length
represents the sum of the average projections of all bond vectors onto the direction of the first
bond. In contrast, for real polymers chains diluted in good solvents, which follow self-avoiding
walk  statistics, the interpretation of [, becomes more complex. The standard definition of
persistence length in such systems does not properly reflect the local intrinsic stiffness of the
polymer backbone. Instead, the calculated [, is dominated by long-range excluded volume
interactions, resulting in a quantity that increases with chain length and diverges in the limit N

— oo, Consequently, under non-ideal solvent conditions, the standard persistence length is better

regarded as a measure of the overall coil expansion rather than a direct indicator of the chemical

rigidity of individual bonds. [7]

Figure 12: Schematic illustration of the different length scales in a bottle-brush polymer, showing the persistence length L, the
cross-sectional radius R, contour length L., the end-to-end distance of the backbone ﬁe'bb, the end-to-end distance ﬁe, bond

vector l:, and the bond vector of side chain l; [7].
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Another fundamental parameter used to describe polymer dimensions is the radius of gyration
(), which is defined as the root-mean-square distance of the atoms in the polymer molecule from

the molecule’s center of gravity.

N 2
X mr;

2:—
Z?’mi

s (1.17)

Where r; is the vector from the center of gravity to atom i. Furthermore, the following relation
holds for polymers.

2
(s?) = % (1.18)

[2]

1.1.8 Natural and synthetic polymers
Polymers can be classified according to their origin into natural and synthetic polymers. Natural

polymers are extracted from organic sourced found in nature such as plants, animals and
microorganisms. [8] Among the most common natural polymers are proteins (such as lysozyme,
gelatin, collagen and silk), and polysaccharides (e.g., cellulose, chitosan, hyaluronic acid and
alginate) (Figure 13). [8], [9] In more detail, proteins are formed from combinations of 20 naturally
occurring amino acid connected by peptide bonds and generally exhibit molar masses in the range
of 10%-10° g mol™. Similarly, polysaccharides consist of repeating monosaccharide units linked
together to form polymeric chains [2]. Natural polymers and their derivatives are employed in
biomedical applications (e.g. drug delivery, pharmaceuticals, in cosmetic treatments and tissue
regeneration scaffold), as additives in food products, and in the manufacture of paper goods and
textiles. Polymers derived from renewable resources are naturally abundant, exhibit a low carbon
footprint, and can contribute to the development of advanced materials, including films,

membranes, coatings, hydrogels, as well as micro-and nanoparticle systems [8], [9].
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Figure 13: Schematic overview of natural polymers and their derivatives used in materials design [9].

In contrast, synthetic polymers are artificially produced in laboratories and are also referred to
as manufactured polymers. Typical synthetic polymers are polyethylene (PE), polyamides (PA),
polystyrene (PS), polyisoprene (PI), poly(vinyl chloride) (PVC) and phenol formaldehyde resins.
The synthesis of synthetic polymers enables reproducible quality and purity, while their processing
allows the design of materials with customizable bulk and surface properties [10].Synthetic
polymers are composed of monomers derived from petroleum oil under controlled conditions,
where specific initiators and catalysts are employed to initiate and accelerate the polymerization
reactions. Furthermore, they have been utilized as packaging materials, surface modifiers [8],
contact lenses, sensors, sutures, nano-, micro-, and macroscopic drug and gene delivery devices.
In addition, a plethora of synthetic polymers are used in regenerative medicine, including implants,
orthopedic fixation devices and tissue engineering scaffolds [10]. It is worth noting that certain

synthetic polymers exhibit eco-friendly and biodegradable characteristics, whereas others pose



environmental toxicity risks [8]. The synthesis of synthetic polymers enables reproducible quality

and purity, while their processing allows the design of materials

Natural polymers that have been chemically modified are termed semi-synthetic polymers and
combine characteristics of both natural and synthetic polymers. For example, cellulose esters and
cellulose ethers are derived from the natural polymer cellulose and they are employed in
pharmaceutical technology as fillers, thickening agents, gelling agents and compressibility
enhancers. Semi-synthetic polymers are typically produced through methodologies such as

chemical linkages, blending, grafting and crosslinking of natural polymer backbones [11].

1.1.9 Classification of polymers
Based on thermal behavior polymers are classified into thermoplastics, elastomers and

thermosets. Thermoplastics and thermosets are commonly known to the general public as plastics.
Thermoplastics are composed of macromolecules with either linear or branched skeletal
structures, and they soften and flow at elevated temperatures. Thermoplastic materials are initially
synthesized and then shaped through moulding processes. This transition to a fluid state upon the
application of heat allows them to be moulded (and remoulded) into complex geometries through
methods such as injection moulding and extrusion. As a consequence of their versatile
characteristics, thermoplastics command the vast majority of the commercial polymer sector.
Depending on their molecular structure, thermoplastics can be further classified into crystalline,
semi-crystalline and amorphous polymers. More specifically, crystalline polymers consist of
polymer chains capable of forming regions of long-range periodic order. On the other hand, many
thermoplastics are unable to crystallize due to structural irregularities or extensive chain
entanglements, those thermoplastics are referred to as amorphous polymers. Furthermore, semi-
crystalline polymers exhibit a two-phase morphology, comprising ordered crystalline domains
dispersed within an amorphous matrix. The degree of crystallinity of polymers will be discussed

in greater detail in a subsequent chapter [1], [2].
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Another category is elastomers, which are characterized by a rubbery network with low crosslink
density and, owing to their molecular architecture exhibit a low Young’s modulus; in other words,
they can undergo large elastic deformations. During deformation, the chains undergo partial chain
disentanglement, yet permanent deformation is prevented by the crosslinking [1]. In contrast,
thermosets are high-molecular-weight polymers which, in terms of their molecular architecture,
belong to the family of network polymers, characterized by a high degree of crosslinking. It should
be noted that thermosets do not melt upon heat treatment or irradiation; instead they undergo
hardening. This behavior is attributed to the irreversible chemical reactions occurring during the

curing process, which result in permanently crosslinked polymer chains [12].

1.1.10 Principles of polymerization
Polymerization, as defined in section 1.1, refers to the chemical process by which monomer units

are linked to form macromolecular chains. In 1929 Carothers, the inventor of Nylon, was the first
to categorize polymerization reactions into two distinct classes: addition and condensation [13].
This classification relies on comparing the molecular formula of the polymer to that of its starting
monomer. A more fundamental and systematic classification of polymerization is achieved by
considering the underlying chemical mechanism through which polymer chains are formed [1].
These classes include step-growth, chain-growth and ring-opening polymerization (Fig. 13).

First, in step-growth or condensation polymerization, polymer chains are formed through
intermolecular reactions between any two monomer species are present in the system. During these
reactions, covalent bonds are created between monomer units, accompanied by elimination of
small molecules such as water, alcohols, ammonia, hydrochloric acid, or methanol, as shown in
Figure 14A. As the reaction proceeds, the degree of polymerization increases step-wise throughout
the process, while functional groups of monomers undergo conversion [1], [10], [11]. Polyethylene
terephthalate and polyamides (e.g. nylon and poly(propylene fumarate)) are products of

condensation reactions between carboxylic acid derivatives and diol or diamines [10].

In contrast to step polymerization, in chain-growth or addition polymerization, polymer chains
grow through the reaction of monomer unit with a reactive end group without the elimination of

small molecules. Initially, an initiator species reacts with a monomer molecule, leading to the



generation of an active chain end; this step is referred to as chain initiation. This is followed by
chain propagation, during which monomer units are successively incorporated into the growing
polymer chain. Finally, chain growth is terminated when the active center is deactivated (Figure
14B). It should be noted that in chain polymerization the degree of polymerization increases at a
high speed [1][10][11]. Furthermore, depending on the nature of the reactive center, chain-growth
can be subdivided into radical, ionic (anionic or cationic), or transition-metal mediated
polymerizations [10]. More specifically free-radical polymerization is a widely used chain-growth
polymerization technique in which polymer chains grow through reactions involving free radicals.
These radicals are generated by the decomposition of an initiator and subsequently ass to
monomer, creating new active radical sites that enable chain propagation. As illustrated in Figure
15, the polymerization of polyethylene arises from the interaction of a free radical with ethylene
monomers, resulting in the continuous growth of the polymer chain [14]. Moreover, industrial
polyolefins are commonly synthesized through free radical or transition-metal mediated
polymerizations. It is worth noting that the living radical polymerization technique enables precise
control over molar mass, polymer architecture, tacticity, and crystallinity, while yielding polymers
with low polydispersity. In addition, transition-metal mediated polymerization mechanisms offer

enhanced control over polymer microstructure, particularly with respect to tacticity [10].

Ring-opening polymerization exhibits mechanistic and kinetic features that overlap with both
chain-growth and step-growth polymerization. Similar to chain-growth processes, it proceeds
through distinct stages of initiation, propagation and termination. At the same time, the successive
incorporation of monomer units resembles the step-wise nature observed in step-growth
polymerization. In this type of polymerization, a reactive center (ionic, cationic, or radical) induces
ring cleavage of cyclic monomer, resulting in polymer chain growth. As illustrated in Figure 14C
a nucleophile is employed as the initiator. Unlike step-growth polymerization, reactions between
monomers or between higher molar mass species are generally not favored. It should be noted that,
in the case of ring-opening polymerization, the polymerizability is influenced by the ring structure
and size [11]. Through ring-opening polymerization are synthesized polyethers such as
poly(ethylene glycol) (PEG), poly(caprolactone), polyamines and most biodegradable polyesters
including polyglycolides and polylactides [10].
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Figure 14: Scheme of polymerization mechanisms for a degree of polymerization equal to six, (A) step-growth, (B) chain-growth
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and (C) ring-opening polymerization [11].

H H
NA~CHy 4 ¢c=¢’ === "_~CH,—CH,—CH,.
e

H MW

Figure 15: Schematic representation of the polyethylene chain propagation step, illustrating the reaction between a free radical

and an ethylene monomer that leads to the extension of the polymer chain [14].

1.2 Composites and nanocomposites

Polymers composites are composed of a polymer matrix in which reinforcing elements and, in
some cases, filler components are dispersed. These materials can be tailored to meet specific
application requirements at relatively low cost. The selection of appropriate reinforcements into
the polymer matrix can significantly enhance the intrinsic properties of the host polymer, including
stiffness, mechanical strength and durability. Carbon, glass and aramid fibers are among the most

commonly used reinforcing materials. The dimensions of reinforcing agents can span multiple
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length scales, from nanoscale to macroscale. In addition, particles or flakes can be employed as
filler materials to modify mechanical, tribological, thermal and electrical properties. Polymer
composites can be classified into particulate composites, fibrous composites, structural
composites, natural and synthetic fiber-reinforced biocomposites and multiscale polymers

composites [15].

Polymer nanocomposites represent a class of composite materials in which the dispersed filler
possesses at least one spatial dimension on the nanometer scale (1-100 nm) [16]. Nanomaterials
are classified, based on the number of their spatial dimensions that fall within the nanoscale range,
into zero-, one-, two-, or three-dimensional nanomaterials (0D, 1D, 2D, or 3D, respectively).
Nanomaterials exhibit substantially higher surface-to-volume ratios compared to their bulk
counterparts, resulting in enhanced chemical reactivity. In addition, quantum effects become
increasingly significant at the nanoscale. Nanomaterials are classified, based on the number of
their spatial dimensions that fall within the nanoscale range, into zero-, one-, two-, or three-
dimensional nanomaterials (0D, 1D, 2D, or 3D, respectively) [17]. Zero-dimensional
nanomaterials include silica, nano-silicon carbide (n-SiC), carbon black, fullerenes, allophane
nanoballs and polyhedral oligomeric sislesquioxanes (POSS). Furthermore, one-dimensional
nanomaterials, such as carbon nanofibers, carbon nanotubes (CNTs) and halloysite nanotubes,
possess one dimension outside the nanoscale and used as fibrous nanocomposites. Two-
dimensional nanomaterials are characterized by a nanoscale thickness and platelet-like
morphology, typical examples include layered silicate or montmorillonite (MMT), layered titanate
and graphene oxide [16]. From a dimensionality perspective, nanomaterials are commonly
described in terms of their aspect ratio (AR) and specific surface area [18]. Some types of nano-

fillers are the following:

o Clay nanocomposites

Polymer-clay nanocomposites offer several advantages, including lower weight over
conventional filled polymers, improved flame retardance and thermal stability, as well as enhanced
barrier properties. Clay is characterized by hydrophilicity and its moisture content under ambient
conditions typically ranges between 10 and 15 % [19]. Clay materials are primarily composed of
silica (SiO2) tetrahedral sheets alumina (AlOg) octahedral sheets arranged in layered structures.

They are broadly classified into natural and synthetic clays. Natural clay minerals include
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kaolinite, mica, vermiculite and smectites such as montmorillonite [20]. The montmorillonite’s
crystal structure consists of an octahedral alumina sheet sandwiched between two tetrahedral silica
layers, forming a layered structure. Each individual clay platelet has a thickness of approximately
1 nm, while its lateral dimensions may range from about 30 nm to several microns. These silicate
platelets are stacked together through van der Waals forces. The ability of silicate platelets to
disperse into individual layers, combined with their capability to modify surface chemistry through
ion-exchange reactions with organic and inorganic cations, makes montmorillonite a widely used

nanofiller in polymer matrices [19].

Based on the degree of clay dispersion in the polymer matrix, three distinct types of polymer-
clay composites can be formed, as illustrated in Figure 16. A phase-separated structure occurs
when the interaction affinity between the polymer matrix and the clay material is very weak. Under
these conditions, polymer chains are unable to intercalate into the clay layers, resulting in a
microcomposite structure. In the case of intercalated polymer-clay nanocomposites, polymers
chains are partially intercalated in between the clay layers, thereby expanding the distance between
adjacent silicate platelets. In exfoliated structure, the clay layers undergo complete exfoliation and
are homogeneously dispersed in the polymer matrix. The latter structure is preferable for the
improvement of mechanical, thermal and barrier characteristics [20].
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Figure 16: Possible structures of polymer-clay nanocomposites [20].



o Silica nano-fillers
Silica nanoparticles (SiO;) are used in packaging materials because they contribute to the
reduction of oxygen and water vapor permeability. Furthermore, nanosilica enhances tensile
strength, thermal stability, toughness and biodegradation rate [21].

o Fullerenes
Fullerenes exist in various sizes depending on the number of carbon atoms they contain, such as
Ceo, C70, C72, Cr6, Css and C100. Among them, Ceo is the most abundant and extensively studied
form. The Ceo molecule consists of 60 carbon atoms arranged into 12 pentagonal and 20 hexagonal
rings, interconnected through sp?-hybridized covalent bonds. The well-ordered fullerene

architectures can be employed in advanced optical and organic-based electronic devices [17].

o Carbon nanotubes

Carbon nanotubes (CNTSs) are rolled sheets of sp>-hybridized carbon atoms that are arranged in
hexagons. According to the number of rolled graphene sheets carbon nanotubes are divided into
single-walled (SWCNTs), double-walled and multi-walled carbon nanotubes (MWCNTS). The
diameter of SWCNTSs ranges from 0.4 to 2 nm, while MWCNTSs possess diameters in the range of
2 - 100 nm, with inter-wall distance of approximately 0.34 nm. Moreover, depending on how the
graphene sheet is rolled, three distinct types of carbon nanotubes can be formed: armchair, zigzag
and chiral. The electronic behavior of single-walled carbon nanotubes, which may be metallic or
semiconducting, is dictated by their diameter and chiral angle. Common synthesis routes for CNTs
include chemical vapor deposition, laser ablation, arc-discharge and gas-phase catalytic growth.
CNTs are characterized by high thermal conductivity and extraordinary tensile strength, making

them valuable fillers for enhancing the mechanical properties of composites.

o Graphene
Graphene is composed of sp?-hybridized carbon atoms arranged in a two-dimensional sheet

structure. Graphene is typically derived from graphite, offering a cost-effective production route.
In contrast to carbon nanotubes, graphene does not involve metal impurities. It is intrinsically
transparent, a property that makes it particularly suitable for applications such as transparent light
panels and touch-screens, liquid crystal displays and organic light-emitting diodes. Furthermore,
graphene is used in the fields of batteries, supercapacitors, solar cells, field-effect transistors,
catalysis, sensors and membrane technology. Graphene is also well known for its exceptionally

high thermal conductivity. It is employed in biosensors due to its biocompatibility and n-n stacking
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interactions with biomolecules. It should be noted that among graphenoids, graphene oxide is the
most extensively investigated material. It is typically synthesized from low-cost graphite powder
and contains a high density of oxygen-containing functional groups, which enables its further
functionalization with polymers, small organic molecules or other nanomaterials. However,
graphene oxide is characterized by low electrical conductivity and exhibits relatively poor

electrochemical performance [17].

In Figure 17 graphene and graphitic carbon allotropes.

0D Fullerence 1D Carbon nanotube 3D Graphite

Figure 17: Schematic representation of graphene and graphitic carbon allotropes derived from it: OD fullerene, 1D carbon

nanotube and 3D graphite [22].

It is worth noting that in polymer nanocomposites, the dispersed nanofillers can act as
heterogeneous nucleation agents, reducing the surface free energy barrier for crystal nucleation.
This leads to alterations in crystallinity, spherulite size, and crystal orientation, which are critical
factors influencing the overall properties of the material [23], an aspect that was also investigated

in the present thesis.



1.3 Polymer characterization techniques

Various microscopy techniques, selected based on their resolution power, are employed to
investigate the wide range of structures and morphologies in polymeric materials. Scanning
Electron Microscopy (SEM) is primarily utilized to image the surfaces of bulk samples due to its
large depth of focus; it is particularly effective for studying fracture surfaces, phase separation in
polymer blends and the crystallization of spherulites. For internal structures requiring higher
resolution, Transmission Electron Microscopy (TEM) is applied to visualize features at the
nanometer scale, such as lamellar crystals, chain folding and block copolymers. Furthermore, for
high-resolution surface topography, Scanning Probe Microscopy (SPM) techniques like Atomic
Force Microscopy (AFM) complement these methods by providing three-dimensional imaging
down to the molecular level. In addition, Small-Angle X-ray Scattering (SAXS) serves as a
standard method for resolving periodic structures in semicrystalline polymers, as well as for
identifying microcavities. Wide-Angle X-ray Scattering (WAXS) is employed to characterize the
crystalline structure, namely, the type and size of crystals and lattice defects. Finally, Small-angle
neutron scattering (SANS) yields unique insights into the conformation, size and mobility of
macromolecular coils [4]. Figure 18 schematically summarizes the range of structural features
encountered in polymeric materials and the corresponding experimental techniques selected

according to their resolution capability.
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ranging from the sub-nanometer scale to the millimeter scale [4].

1.4 Biodegradable polymers

While plastic waste generation was relatively manageable in the 1970s, the widespread use of
plastics led to a dramatic increase by the early 1990s, with levels more than tripling over a twenty-
year period [24]. At present, according to United Nations Environment Programme (UNEP),

global plastic production exceeds 400 million tonnes per year, where 19-23 million tonnes of



plastic waste entered aquatic ecosystems in 2025. More specifically, in 2016 alone, it was
estimated that approximately 23 million tonnes of plastic waste entered aquatic ecosystems
globally. A scientific prediction indicates that, even with the implementation of ambitious global
reduction targets, the annual influx of plastic waste into aquatic ecosystems is expected to double
by 2030. Furthermore, this volume is anticipated to surge by 300-400% by 2050 relative to 2016
levels [25]. Approximately 44% of global plastic production is used for packaging applications;
however, their replacement by materials such as wood, glass and metals is not feasible in most
cases [26].

It is evident that there is a growing need to develop biodegradable polymers that meet the quality
requirements for product manufacturing while exhibiting significantly shorter degradation periods
than conventional synthetic polymers [27]. It should be pointed out that biodegradable polymers
contribute to the decrease of dependence on fossil feedstock [28]. Biodegradation is the chemical
decomposition of organic materials through the metabolic or enzymatic activity of microorganisms
or other biological media. During this process, complex substances are converted into less toxic or
non-toxic compounds under aerobic or anaerobic conditions (Figure 19) [27], [29]. More
specifically, aerobic degradation occurs in the presence of oxygen and produces end products such
as water, biomass, carbon dioxide and residual matter. In contrast, anaerobic degradation takes
place in the absence of oxygen and generates carbon dioxide, water, methane, biomass and residue
[30].
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Figure 19: Diagram of the biodegradation steps of polymers [29].

Biodegradable polymers undergo degradation through bulk or surface pathways, as illustrated in
Figure 20. Surface degradation of biodegradable polymers refers to a degradation process that
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occurs predominantly at the material surface as a result of environmental or physical factors. This
phenomenon can proceed through several modes, including corrosion caused by chemical attack
from acidic or alkaline media, erosion driven by mechanical forces such as fluid flow, abrasion
resulting from friction and wear and microbial degradation in which microorganisms colonize
and metabolize the polymer chains. Collectively, these processes modify the surface morphology
and chemical structure of the material and may eventually lead to reduced mechanical strength and

loss of functional performance [31].

Hydrolytic degradation is defined as the process in which water molecules cleave susceptible
to hydrolysis chemical bonds in the polymer chains such as esters, amides and carbonates, leading
to chain scission [31]. During bulk degradation, the diffusion of water into the polymer matrix is
faster than the hydrolysis rate of the polymer chains. Furthermore, the degree of crystallinity
influences the degradation rate, as water penetrates amorphous regions more easily than crystalline
domains [30]. It should be noted that hydrolytic degradation may also occur in the form of surface
erosion; however, in this case, it is limited to a thin surface layer and does not cause a significant

change in the molar mass of the polymer [27].

Thermal degradation is a process in which the application of high temperatures causes chemical
changes in a polymer’s structure, primarily through the breaking of covalent bonds [27]. In an
oxygen-rich environment, degradation may involve chain scission and the cleavage of = bonds.
The latter results in the insertion of oxygen atoms, which can alter the material’s properties even

without a significant reduction in molar mass.

Photodegradation proceeds via the cleavage of tertiary and C-C bonds upon exposure to
ultraviolet light [30]. Photodegradable polymers can be achieved either by introduction of UV-
sensitive functional groups or the incorporation of photosensitive additives, such as catalysts and
pro-oxidants, to enhance the degradation rate [27].

Another abiotic reaction causing the fragmentation of biodegradable polymers is oxidative
degradation involves the interaction of polymer chains with oxygen, often initiated by exposure
to ultraviolet irradiance, leading to the breakdown of polymer chains, creating smaller fragments
that are easier for microorganisms to biodegrade [32]. This process may be triggered by metal

species; however, it can generate microplastic fragments and hinder microbial digestion [30].



In natural environments, biotic and abiotic factors act synergistically in the decomposition of
organic matter. During enzymatic degradation, certain microorganisms secrete extracellular
enzymes that catalyse the depolymerization of the polymer chain into oligomers and monomers
that can subsequently be assimilated. Biodegradation is initiated by the adhesion of
microorganisms to the polymer surface, followed by colonization of the exposed area. Enzymatic
degradation then proceeds through hydrolytic cleavage of the polymer chains, generating low-
molecular-weight compounds that are ultimately mineralized into carbon dioxide and water [30],
[31], [32]. Bacteria and actinomycetes are the principal microorganisms responsible for
biodegradation processes. However, numerous studies have shown that organisms such as algae,

worms, snails and even insects are involved in biodegradation of polymers [27].
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Figure 20: Classification of degradation mechanisms for biodegradable polymers [31].

The biodegradability of these materials is defined by the degradation pathway as well as the rate
at which degradation occurs [26]. It is worth noting that even conventional plastics undergo
biodegradation; however their degradation rate is significantly slower than that of materials
specifically classified as biodegradable [30]. The degradation time of polymeric materials ranges
from months to hundreds of years, as in shown in Table 1 [15]. In contrast, the biodegradable

polymer PLA typically requires approximately 6 months to 2 years to degrade [33].
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The investigation and estimation of the biodegradation of polymeric materials are carried out
through various protocols under different environmental conditions, including soil, compost,
aquatic environments and controlled climate chambers. The process of biodegradation is typically
assessed through a combination of physical, chemical and mechanical indicators. These includes
the gradual loss of mass over time, changes in surface morphology, variations in surface energy
and wettability, alternations in color or appearance. In addition, biodegradation is accompanied by
changes in chemical structure and thermal properties, as well the release of degradation products
such monomers, oligomers and gases [30]. Among these evaluation methods, mass change is
quantified through the weight loss ratio (Wioess (%)) of the samples is calculated according to the

following expression:

Wbefore - Wafter

Wioss (%) =

100% 1.19
Wbefore ( )

Where Wy rore is the initial sample weight before degradation and W ., is the sample weight

after degradation [34].

Table 1: Degradation time of commonly used polymers [15].

Sl. No. | Polymeric material Degradation time
1 Disposable diapers 50-100 years
2 Tin cans 50 years

3 Painted wooden sticks 13 years

4 Plywood 1-3 years

5 ‘Wax coated milk cartons 3 months

6 Cardboard box 2 months

7 Apple core 2 months

8 Newspaper 6 weeks

9 Paper towel 2—4 weceks
10 Plastic bottles 100 years

11 Glass bottles 1 million years
12 Plastic 6-pack holder rings 450 years

13 Aluminum cans 80-100 years
14 Nylon fabric 3040 years
15 Plastic bags 10-20 years
16 Plastic coated paper milk cartons | 5 years

17 Cigarette butts 1-12 years
18 ‘Wool socks 1-5 years

19 Orange peels 6 months

20 Rope 3—14 months
21 Paper 2-5 months
22 Cotton rags 1-5 months




The biodegradation process is influenced by the polymer’s morphology, structure, chemical
treatment and molar mass. From a structural perspective, biodegradable polymers typically contain
hydrolysable bonds along the polymer backbone that can be cleaved by microorganisms and
hydrolytic enzymes. In addition, materials that combine both hydrophilic and hydrophobic
segments generally exhibit higher degradability than polymers composed predominantly of only
one of these characteristics. Polymer morphology also plays a key role in degradation, as
amorphous regions are more accessible to enzymatic attack than crystalline domains. Furthermore,
the melting temperature (Tm) affects the enzymatic activity, with polymers of higher melting points
typically showing slower biodegradation rates. Moreover, biodegradability tend to decrease as
molar mass increases, since longer polymer chains are more resistant to microbial and enzymatic
attack [29].

Biodegradable polymers can be classified according to their origin into natural and synthetic
polymers (Figure 21). Natural biodegradable polymers may either be directly extracted from
biomass, such as polysaccharides and proteins, or synthesized by native or genetically modified
organisms. Synthetic biodegradable polymers are produced through conventional chemical
synthesis using either bio-derived or petroleum-based monomers and are associated with reduced

environmental contamination [29].

Among synthetic biodegradable polymers, aliphatic polyesters are increasingly gaining
importance in research and industry due to their biodegradability, biocompatibility, and physical
and chemical properties [35]. Aliphatic polyesters can be obtained either from renewable resources
such as bacterial poly-(5-hydroxy acid)s (5-PHA) or petroleum-derived monomers. They are
synthesized through polycondensation of hydroxy acids or combinations of dicarboxylic acids and
diols, as well as through the ring-opening polymerization of lactone-type heterocycles [36]. More
specifically, their biodegradable nature arises from the ester linkages in their repeated units, which
are susceptible to enzymatic hydrolysis because similar bonds are commonly found in nature [33].
According to the literature, the degradation rate of polyesters depends on the distance between
ester groups as well as on the degree of crystallinity [35]. Furthermore, aliphatic polyesters are
employed in food packaging, in tissue engineering, artificial implants and as matrices for drug

delivery systems [33].
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The most promising biodegradable aliphatic polyesters include polycaprolactone (PCL), poly(3-
hydroxybutyrate), poly(ethylene succinate) (PESu), poly(butylene succinate) (PBSu),
poly(butylene adipate), poly(hexylene succinate) (PHSu), and poly(hexylene adipate). Among
them, PESu, PBSu, and PHSu exhibit favorable biodegradability and biocompatibility and are
widely employed in the production of films and injection-molded products, as well as in the
clothing, pharmaceutical, medical, and biomedical industries [34]. It should be pointed out that
aliphatic polyesters are often modified through copolymerization in order to tailor their properties
and expand their range of applications [37].
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Figure 21: Classification of biodegradable polymers based on their origin.

Biodegradable polymers represent a promising option for medical device applications, as they
can be engineered to degrade in a controlled manner over time, thereby eliminating the need for

surgical removal and minimizing the risk of long-term complications. For instance, poly(lactic



acid) (PLA) is employed for absorbable medical implants like sutures, screws and plates, and
poly(glycolic acid) (PGA) is used for tissue scaffolds as well as for controlled drug release.
Furthermore, PCL is surgical meshes and bone regeneration scaffolds to provide mechanical
support. These materials are particularly valuable in the fields of tissue engineering, wound healing
and implantable devices [31]. Biodegradable polymers are also applied in materials science and
nanotechnology, for example as luminescent materials and conducting polymers. Moreover, in
agriculture, biodegradable polymers are utilized in controlled release systems to encapsulate
pesticides and nutrients [27]. Some of the applications of biodegradable polymers are shown in

Figure 22.
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Figure 22: Applications of biodegradable polymers [31].

1.4.1 Poly(hexylene succinate) (PHSu)

A particularly promising biodegradable polymer, which has been studied in the present work, is
poly(hexylene succinate) (PHSu) (Figure 23). PHSu belongs to the class of aliphatic polyesters,
specifically the poly(n-alkylene succinate)s (PnASs), containing six methylene groups (h = 6) and
is characterized by biodegradability, biocompatibility and thermal stability [38]. PHSu is derived
from succinic acid, which can be produced through fermentation of starches or oligosaccharides,
or from liquefied petroleum gas (LPG) or petroleum oil. More specifically, PHSu is synthesized
by two-stage melt polycondensation, involving esterification of succinic acid and 1,6-hexanediol

followed by polycondensation [39].
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One of the most prominent applications of PHSu is in drug delivery systems, particularly in the
formulation of long-acting injectables (LAISs). In a study conducted by Chrysafi et al., novel PLA-
PHSu block copolymers were employed as matrices for the microencapsulation of Risperidone, an
antipsychotic drug used in the treatment of schizophrenia [33]. Furthermore, Bikiaris et al.
investigated the microencapsulation of Paliperidone Palmitate (PDP) using PESu, PBSu, PHSu,
poly(decylene succinate) (PDeSu) and poly(octylene succinate) (POSu), and found that PHSu
exhibited the highest weight loss under both hydrolytic and enzymatic degradation conditions [40].
Moreover, PHSu is characterized by flexibility and poor tensile strength [37].

According to the study conducted by Bikiaris et al., PHSu is a polymer of semicrystalline nature
exhibiting a melting point (Tm) of 64.2 °C and a glass transition temperature (Tg) of -52.7 °C [38].
In another study conducted by Chrysafi et al., PHSu was found to exhibit a degree on crystallinity
Xc =64 £ 3 %, as determined by X-ray diffraction. In addition to the previous properties of PHSu,
the molar mass of this polymer was evaluated by the same research group using size exclusion
chromatography (SEC). Based on their measurements, the poly(hexylene succinate) exhibits an
Mn of 5,000 g/mol and an Mw of 11,000 g/mol [39].
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Figure 23: Chemical structure of the repeating unit of poly(hexylene succinate) (PHSu).

1.4.1.1 Enzymatic degradation of PHSu
The degradation behavior of PHSu was examined by Li et. al (2022), who incubated polymer

films (30 mm x 10 mm x 0.5 mm) in 10 ml of Na2HPO4-NaH>PO4 buffer (0.1M, pH=7.4)
containing 0.096 mg/ml cutinase at 37°C and monitored weight loss over time. The enzymatic
hydrolysis rate of PHSu reached 42.03% after 4 hours of incubation, and 50% of its mass was
degraded in about 5 hours under the same conditions. In addition, the surface morphology of the

PHSu films was examined before and after enzymatic hydrolysis. Before degradation, the PHSu
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films exhibited smooth surfaces, as illustrated in Figure 24. However, after 2 hours of incubation
with cutinase solution, the surface became rough and nonuniform. As hydrolysis time increased,
pits and cracks appeared on the surface due to the cleavage of ester bonds. At the end stage of
hydrolysis, deep and large pits formed on the film surface as water penetrated into the amorphous

regions, leading to an accelerated enzymatic degradation rate [37].

non- hydrolyzed
hydrolyzed 2% 4h 8h ~ 12h ~16h
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Figure 24: images of the u films after enzymatic hydrolysis wit cutmase[37].

Furthermore, Bai et al. (2018) studied the enzymatic degradation of PHSu, PBSu and PESu films
(30 mm x 10 mm x 0.1 mm) incubated in a Na;HPOs-NaH2PO4 buffer (20 mM, pH=7.4)
containing 10 mg/ml cutinase at 37°C . After 4 hours of degradation, PHSu showed the highest
weight loss (88.1%), followed by PBSu (76.3%) and PESu (60.1%) [34].
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2 Phase states of polymers

Polymer molecules exhibit significantly more complex phase behavior than simple molecules,
which typically exist in the solid, liquid and gaseous states. Polymers cannot be vaporized because
they typically decompose before reaching their boiling point. In the solid state, polymeric materials
may exist in crystalline, semi-crystalline, or fully amorphous forms [6]. From a macroscopic
viewpoint, phases are defined through thermodynamic properties within the framework of classical
thermodynamics. However, at the microscopic level, a phase is characterized by its structural
symmetry and the degree of order present in the system, which arises from intermolecular
interactions. At the same time, the random nature of thermal motion acts in opposition, promoting
disorder [41].

2.1 The molten state

In the molten state of polymers, the material exhibits liquid-like behavior when the Kinetic energy
of the polymer segments becomes comparable to the potential energy of intermolecular
interactions, permitting viscous segmental motion and flow. The behavior of polymers in molten
state is influenced by molar mass to a greater extent than in any other physical state. Furthermore,
in the melt, flexible polymer chains adopt largely random, coiled conformations, which in high-
molar-mass polymers lead to extensive chain entanglements. These entanglements play a crucial

role in determining the rheological behavior of the polymer melt.

The flow behavior of most polymer melts is non-Newtonian and specifically pseudoplastic,
meaning their viscosity decreases with increasing shear rate. However, in low-molar-mass polymer
systems, the absence of chain entanglements results in Newtonian viscous behavior. In the case of
a non-Newtonian fluid, at low shear rates, polymer molecules adopt conformations close to those
of unperturbed states, and the resulting high resistance to flow is attributed to the presence of
extensive chain entanglements. In contrast, when higher shear rates are applied, polymer molecules
align along the shear direction resulting in a reduction in the number of chain entanglements

relative to the unperturbed configuration. Furthermore, viscoelastic materials exhibit a time-



dependent mechanical response, they behave in a solid-like manner at short time scales and in a
liquid-like manner at long time scales. Their viscoelastic nature can be described using the

relaxation shear modulus or shear creep compliance [2].

2.2 The solid state

2.2.1 Amorphous phase
Amorphous polymers are a class of polymers that are characterized by the absence of ordered

structures, namely, crystalline phases; their chains are arranged in a disordered, random-coil
configuration without long-range position order. However, in amorphous polymers can exist weak
domain-like or globular structures with characteristic sizes spanning from small nodules below 10
nm to domains of 20-50 nm, extending up to particles in the 100-300 nm range. Polymers such as
poly(methyl methacrylate) (PMMA), polystyrene (PS), styrene-acrylonitrile copolymers (SAN),
polycarbonate (PC) and cyclic olefin copolymers (COC) belong to the family of amorphous
polymers [4].
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Figure 25: Schematic representation of different conformation models for macromolecules: (a) random coil, (b) meander model,
(c) bundle or micelle model, (d) regular folding, (e) modified folding model and (f) highly oriented chains [4].
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Both in the molten state and in glassy amorphous polymers, polymer chains adopt random
conformations characterized by a statistical distribution of trans and gauche states. These

macromolecular conformations are referred to as random coils (Fig. 24a) [2]. The diameter of the
random coil is proportional to \/M,, and typically falls within the range of 10-30 nm [4]. In

addition, in a pure amorphous polymer, the polymer chains assume their unperturbed dimensions

[1].

Furthermore, amorphous solids are materials that possess the rigidity of a crystal but the disorder
of a liquid [42]. More specifically, the density of an amorphous polymer is approximately 1 g/cm?,
whereas the density associated with an individual random coil is in the order of 0.01 g/cm®. As a
result, roughly 102> macromolecular segments must spatially overlap within the polymer matrix.
This extensive interpenetration of chains gives rise to numerous topological links, commonly
referred to as entanglements (Figure 26), which play a crucial role in maintaining the structural
integrity of the material and contribute significantly to the mechanical strength and toughness of
amorphous polymers [4]. Consequently, the propensity for a polymer to form a fully amorphous,

glassy state increases as the segmental flexibility of the chains decreases [2].

Figure 26: Schematic representation of entanglements in amorphous polymers, showing the molar mass M., the length of the
macromolecular segment l. and the distance between entanglements d [4].



Experimentally, the amorphous nature of a polymer is confirmed by X-ray and electron scattering
techniques [4]. In more detail, the sharp diffraction rings or discrete spots observed in X-ray
diffraction patterns of crystalline materials arise from Bragg reflections off well-defined
crystallographic planes within the ordered lattice. Consequently, the absence of such discrete
reflections in amorphous materials indicates the lack of long-range crystalline order. Another less
exact and qualitative assessment of a polymer’s supramolecular structure can be obtained through

visual inspection. Typically, amorphous glassy polymers are optically transparent [1].

Upon cooling, a polymer melt can either crystallize or undergo a transition into a glassy
amorphous state. The transformation of a polymer liquid into either a glassy or a semicrystalline
state depends on the regularity of the polymer chain structure and the applied cooling rate. In more
detail, tacticity is a crucial molecular parameter that strongly influences whether a polymer is able
to crystallize. More specifically, atactic polymers generally do not crystallize and therefore remain
amorphous, whereas isotactic and syndiotactic polymers are capable of crystallization due to their
ordered stereochemical arrangement. It should be noted, however, that atactic polymers can also
exhibit side-chain crystallization when the pendant groups are sufficient long and structurally
regular. Moreover, strong secondary interactions, such as hydrogen bonding play a key role in
promoting crystallization [2].

Glass formation usually occurs when a liquid is supercooled at a rate fast enough to prevent
crystallization. The resulting solid preserves the disordered structure and macroscopic isotropy
characteristic of the liquid. It is worth noting that, near the glass transition, liquids exhibit an
extreme rise in viscosity, reaching values that are 10*2 to 10'° times greater than those observed in
ordinary liquid states. In addition, all substances can form glasses, whereas some materials,
including pure metals, need extremely high cooling rates to vitrify, while many organic liquids can
be easily supercooled [43]. Glass-forming systems are broadly classified into oxide, chalcogenide,

metallic, organic polymeric, and metal-organic glasses [44].

A glass exists in a thermodynamically non-equilibrium state and lacks long range translational
order [42]. It should be pointed out that the properties of amorphous solids are dependent on their
preparation history, as these materials exist in an intrinsically non-equilibrium state [42].
Amorphous solids are formed at the glass transition temperature under continuous cooling or

compression, with their resulting properties being highly protocol-dependent [42].
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The glass transition temperature (Tg) is the characteristic temperature at which polymers
exhibit a transformation from a rigid, glassy state to a more flexible, rubbery state. At the
macromolecular level, reaching T4 marks the initiation of chain mobility, as thermal energy
becomes sufficient to activate molecular motion within the polymer backbone.

2.2.2 Crystalline phase
Crystalline polymers possess fully or partially regular chain structures that enable the ordered

segments to crystallize to some extent, depending on the type of polymer and its molecular
microstructure, with the resulting crystalline chain stems adopting a specific preferred
conformation [1][2]. In addition the crystalline morphology of polymers depends strongly on the
conditions under which the sample is prepared [45]. Highly oriented polymer chains (Figure 25f)
are observed in extended-chain crystals formed under high-pressure crystallization conditions, as

well as in highly oriented fibers [4].

Nevertheless, several polymers-specific factors hinder the formation of perfectly ordered crystals.
These include restricted chain mobility caused by entablements of coiled macromolecules,
variations in molar mass and defects. As a result, polymers that exhibit these characteristics
typically become only partially crystalline, with highly ordered domains coexisting alongside

regions containing randomly coiled chains [4].

2.2.3 Semi-crystalline phase
Semicrystalline polymers are described by the modified folding model (Fig. 24e) that combine

features from random coil (Fig. 24a), bundle or micelle model (Figure 25c¢) and regular folding
(Fig. 24d). In modified folding model, crystalline structures (lamellae) consist of folded polymer
chains with parallel arrangements of adjacent molecular segments, as illustrated in Figure 25e [4].
The lamellar single crystals are divided into sectors, each corresponding to a specific set of

crystallographic plane on which the chains fold [2].

Semicrystalline polymers are characterized by the crystalline lamellar phase, the lamella interface
and the interlamellar amorphous region, shown in Figure 27. More specifically, in semicrystalline

polymers, segments of the polymer chains become incorporated into lamellae, which reduces the
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mobility of adjacent segments and hinders further crystallization, thereby producing amorphous
regions between crystalline lamellae. Polymer chains can either form connections between lamella
or create interlamellar regions in which the macromolecules are entangled. Furthermore,
crystalline defects, such as chain ends or short branches, are frequently incorporated within the

lamellar phases, leading to the formation of defect layers between adjacent crystalline blocks [4].
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Figure 27: Schematic representation of lamellar structure of semicrystalline polymers as observed in electron micrographs (left)

and schematic model of macromolecular arrangement (right): (a) crystalline region, (b) interfacial amorphous region, (c)

interlamellar amorphous region, (d) microblock, (e) defect layers between microblocks and (f) inclined chains within the lamellae

4.

From a kinetic perspective, as crystallization progresses, part of the initially amorphous material
becomes constrained by the formation and growth of crystalline domains. This process leads to a
differentiation of the amorphous phase into regions with different levels of chain mobility. In
particular, the amorphous phase can be separated into two parts, namely the rigid amorphous
fraction (RAF) and the mobile amorphous fraction (MAF). The polymer chains located in the
vicinity of the crystalline structures experience restricted mobility due to spatial constraints,
forming the RAF. Consequently, the RAF typically undergoes molecular mobilization at
temperatures higher than the glass transition temperature of the mobile amorphous phase [46],
[47], [48].



45

In semicrystalline polymers, crystalline lamellae can organize into a variety of morphologies that
form different superstructures, typically ranging from 1-100 pum in size, such as spherulites
(spherical crystal aggregates (Figure 28)), fibrillar, shish-kebab, transcrystalline structures,
axialites and others [2].
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Figure 28: Banded spherulites of polyethylene observed under a polarizing microscope. Scale bar: 50 um [49].

{

Semi-crystalline polymers may be either translucent or opaque, depending on their degree of

crystallinity [2].

2.2 Phase transitions in polymers

The possibility of a phase transition is determined by thermodynamics, whereas the manner and
rate at which the transition proceeds are governed by kinetics, which takes into account the
underlying microscopic interactions . According to Ehrenfest’s classification, phase transitions are
categorized as first-order or second-order depending on whether the first or the second derivatives
of the Gibbs free energy exhibit discontinuities [41]. However, phase transitions that lie at the
boundary between first- and second-order transitions are referred to as A phase transitions. These
transitions correspond to a continuous (second-order-type) transition and characterized by a

divergence of the specific heat (Cp) at the critical temperature [50].

The Gibbs free energy is given by:
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G=H-TAS (2.1)

The state variables volume (V), enthalpy (H), and entropy (S) are expressed by the following

equations:
(),
-(5m), @

In the case of second-order transitions, there are discontinuities in the variations of thermal

expansion coefficient a, compressibility k and the heat capacity C, with temperature.
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Figure 29 provides a comparative overview of the temperature dependence of specific volume,

thermal expansion, specific heat, thermal conductivity and modulus for three different polymer
morphologies: 100% amorphous, 100% crystalline and semi-crystalline. A 100% amorphous
polymer is characterized solely by a glass transition (T) , whereas a perfect crystal does not exhibit
a Tg, but instead undergoes a distinct melting transition (Tm). In semi-crystalline polymers, the

coexistence of amorphous and crystalline regions results in the observation of both Tg and Tm.

As illustrated in Figure 30, during melting under isobaric conditions, the first derivatives of the
Gibbs free energy, namely enthalpy, entropy and volume, exhibit discontinuities. In addition,
abrupt changes are observed in the isobaric heat capacity, the coefficient of thermal expansion and

the compressibility at melting temperature. In contrast, the glass transition exhibits some
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characteristics of a second-order transition, such as change in slope of the plots of V, H, T versus

T; however, it cannot be regarded as a thermodynamic second-order transition [1].
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Figure 29: Schematic illustration of the behavior of 100% amorphous, 100% crystalline and semi-crystalline polymers at transition

temperatures [6].
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Figure 30: Schematic illustration of the distinct thermodynamic behavior during melting (left) and glass transition (right) [1].

It should be noted that the glassy, the rubbery and the semi-crystalline state are

thermodynamically metastable [6].

Metastability is defined as the difference in stability between a metastable state and the
equilibrium state at infinite size. The metastable states possess higher free energy levels compared
to the equilibrium state. Every metastable state is characterized by a limited lifetime because its
higher free energy drives the system to evolve toward the lower-energy equilibrium state over time
[41].
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2.2.1 Glass transition
As the temperature decreases, a molten polymer becomes increasingly viscous and its ability to

flow is progressively reduced. If a polymer is unable to crystallize and the temperature continues
to drop, it first becomes rubbery, and upon further cooling it turns into a relatively hard, elastic
glass [1]. In glass transition the system undergoes a transformation from a supercooled liquid,
namely a liquid below its equilibrium melting temperature [41], to a low-temperature solid-like
state [42]. Polymer chain dynamics consist of two principal mechanisms: local conformational
rearrangements about a fixed center of mass, and global translational diffusion of the chain as a
whole [1]. More, specifically, during the glass-to-liquid transition, a change in configurational

entropy occurs [44].

Glass formation is not limited to non-crystallizable polymers; any materials that is subjected to
sufficient cooling below its melting temperature, without crystallizing will undergo a glass
transition. More specifically, below the glass transition, molecules lose their freedom to rotate and

translate, becoming immobilized in the polymer glass [1].

It is worth noting that at temperatures approximately 50°C above the glass transition temperature,
the application of shear stress causes viscous flow to become dominant over elastic deformation
[6]. The glass transition is not a true second-order phase transition, but it exhibits characteristics
that closely resemble those of a second-order transition [6]. In Figure 30, the glass transition is
demonstrated by measuring of the specific volume of a polymer sample as a function of

temperature. As illustrated, in the vicinity of the Tg, there is change in slope of the curve.

A pronounced increase in stiffness occurs when the temperature of an amorphous polymer is
reduced below the glass transition temperature (Tg); specifically, its Young’s modulus increases
by approximately two to three orders of magnitude. Consequently, for temperatures above Tq
amorphous polymers become soft and ductile, whereas below Ty become stiff and brittle. Rather
than an abrupt shift, the change of mechanical properties with respect to temperature proceeds
gradually, taking place over a wide temperature window of 30-50 °C [2]. Below the glass transition

temperature, polymers especially of low molar mass exhibit brittle mechanical behavior [6].

From a kinetic perspective, upon cooling below Tg, the relaxation time of the material increases

dramatically. Eventually, the relaxation process becomes so slow that the system falls out of
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equilibrium of the supercooled liquid. As a result, when the structural relaxation time becomes
comparable to the experimental observation time, large-scale thermal and density fluctuations
become too slow to detect on the laboratory timescale and the systems appears kinetically arrested.
Therefore, the glass transition temperature depends on the experimental conditions and the
timescale of measurement. Consequently, Tq is not a single fixed temperature, which provides
evidence that the glass transition does not correspond to a true second-order transition. In practice,
the glass transition temperature is determined empirically using a threshold physical reference,
such as the temperature at which the viscosity reaches a certain value [41].

Factors affecting the Tq

The value of the Ty is determined by the physical and chemical nature of the polymer molecules.
It has been observed that the glass transition temperature increases as the molar mass of the
polymer increases [1]. Furthermore, the repeating unit structure influences the glass transition
temperature. Polymers with inflexible side groups require higher temperatures to transition from
the glassy to the rubbery state because pendant groups restrict the torsion about the o bonds along
the polymer backbone. In the case of flexible side chains, increasing side-chain length increases
the distance between adjacent backbone chains, providing more available space for segmental
motion. Consequently, the increased side-chain length leads to a shift in Tq towards lower values.
However, under certain conditions, long pendant groups may crystallize, forming crystallites that
act as crosslinks in the polymer matrix, restricting chain mobility and thereby requiring higher
temperatures for the transition to the rubbery state [2]. In addition, the high density of branching
leads to an increase in the glass transition temperature due to the constrained mobility of the
polymer chains [1]. Generally, the tendency of a polymer to form a glassy, fully amorphous state
increases as its segmental flexibility decreases [2].

The glass transition temperature is cooling-rate dependent, as shown in Figure 31 [1]. As
discussed above in relation to the kinetic nature of the glass transition, at a given cooling rate Tg
marks the temperature at which the supercooled liquid falls out of equilibrium and becomes
trapped in a metastable glassy state [42]. More specifically, a lower cooling rate results in a lower

measured glass transition temperature [1].
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Figure 31: Schematic representation of specific volume as a function of temperature for amorphous and crystalline polymer
phases. The diagram illustrates the vitrification processes at fast and slow cooling rates and the melting of a crystalline material

at a temperature Ty, [1].

In terms of technological applications, the glass transition temperature defines the lower service
temperature limit for a rubbery material and the upper service temperature limit of amorphous

thermoplastic materials [6].

It should be noted that, below the glass transition temperature, glassy polymers may also exhibit
secondary transitions, whose effects are typically weaker and less pronounced [6]. These
transitions arise from sub-glass processes and often labeled S, y and ¢ as they appear in order of
descending temperature. In addition, sub-glass processes are characterized by local segmental
motions of small atomic groups and follow an Arrhenius temperature dependence. More
specifically, the relaxation processes represent the full stress equilibrium of a molecule and are

classified into side-chain and main-chain relaxations [2].

The glass transition temperature can be determined experimentally using calorimetric,

volumetric, mechanical, dynamic, dielectric and other characterization techniques [41].



2.2.1.1 The concept of free volume
There is no an unambiguous definition of free volume, as it is depends on the model used for its

calculation. According to the most commonly used and straightforward definition, the free volume
is defined as the difference between the total volume of a material and the hard-core volume, that

is, the volume occupied by the atoms or molecules themselves.
Viree =V = Ve 2.7)

where

V7 the total volume (dependent on temperature T and pressure P).

Vhe: the hard-core volume, which may or may not depend on T and P, depending on the model
used.

An alternative definition considers free volume as a subset of the total available volume and as
depicted in Figure 32, it is divided into two contributions. The vibrational volume (Vvib) represents
the solid-like portion of the liquid volume that polymer segments would occupy even in the
crystalline state, including both the hard-core volume and the surrounding free space (Viree:vib)

accessible through local vibrational motion.
Voip = Vfree:vib + Vie (2.8)

The second contribution to the total volume is the excess free volume (Vireeexs), Which
corresponds to the additional free space present in the melt that extends beyond the solid-like

vibrational contribution.

Vfree:exs =V-Vyp, (29 = Vfree = Vfree:exs + Vfree:vib (2.10)
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Figure 32: Schematic illustration of temperature-dependent vibrational free volume and excess free volume surrounding

Vt“ree exs white

segmental hard cores in a sample of segments in a liquid [51].

In the following diagram (Figure 33), the two most widely adopted definitions of free volume
presented above are illustrated [51].
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Figure 33: Diagram illustrating the decomposition of total volume into hard-core, vibrational, and excess free-volume

contributions as a function of temperature [51].



According to the free volume theory proposed by Cohen and Turnbull, molecular diffusion in
polymeric systems occurs only when the locally available free volume exceed a critical volume
(V") required for molecular transport. These voids are created through the redistribution of the

system’s free volume [2][51].

Vfree > V;ree

While hydrodynamic theories suggest that rotational and translational motion in liquids are
decoupled, this independence from temperature fails in highly supercooled liquids, due to the
presence of structurally transient domains. According to Fischer’s cluster theory, fluctuations
coexist in supercooled liquids in the form of solid-like and liquid-like molecular associations.
These clusters exhibit distinct short-range order while being randomly distributed throughout the
supercooled liquid [41].

2.2.2 Crystallization
Crystallization is the process whereby a disordered phase is transformed into an ordered

structure [1]. More specifically, during crystallization take place the transformation of randomly
coiled polymer chains into predominantly chain-folded lamellar crystalline structures, as
illustrated in Figure 25 [41]. The process of crystallization requires the satisfaction of a
thermodynamic criterion, as well as conformational changes of the polymer chains and short range

diffusion of chain segments toward the growing crystal interface [2].

From a thermodynamic perspective, the transformation of an isotropic liquid into a crystalline
solid is entropically unfavorable but enthalpically favorable. Below the equilibrium melting
temperature, the enthalpic term dominates in the Gibbs free energy expression (4G = AH — TAS),
resulting in the isotropic liquid phase possessing a higher Gibbs free energy than the crystalline
solid. Consequently, the supercooled liquid is thermodynamically metastable with respect to
crystallization and is thermodynamically driven to crystallize because the crystalline state
possesses a lower Gibbs free energy below the equilibrium melting temperature. Moreover,
polymer melts are generally characterized by Arrhenius behavior, which ceases to hold in highly
supercooled liquids. The lifetime of the metastable supercooled liquid state is determined by the
onset of nucleation. Moreover, the degree of supercooling is defined as the difference between the

equilibrium melting temperature (Tm?) and the crystallization temperature (Tc) at constant pressure.
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The temperature value at which crystallization occurs, relatively to the equilibrium melting
temperature, is governed by internal and external parameters such as molecular structure,
stereoregularity, molar mass, polydispersity and cooling rate. In general, a higher degree of
supercooling is observed when the cooling rate is faster, the chemical structure is more irregular,

or the chain is longer [41].

The crystallization process consists of two distinct steps: nucleation and crystal growth.
Nucleation marks the onset of the formation of small ordered regions, known as nuclei. This is
followed by crystal growth, during which additional polymer chains are incorporated into the
existing crystal nuclei [1]. Nucleation is classified as either homogeneous or heterogeneous.
Homogeneous nucleation refers to nucleation in which crystal nuclei form throughout the polymer
melt or solution, with all faces of the nucleus in contact with the surrounding phase. In contrast,
heterogeneous nucleation occurs when crystal nuclei form on foreign surfaces or particles, such
as fillers, impurities, dust or container walls [1], [2]. In some polymers, particles are intentionally
added to initiate early crystallization in order to reduce injection-moulding cycle time and control
spherulite size. In composite materials, certain fibres and particles can also act as nucleating

agents, promoting the formation of a distinct phase known as a transcrystalline structure [2].

Crystal growth can occur in one, two or three dimensions, producing crystals in the form of rods,
discs, or spheres, respectively. The process of crystal growth proceeds via the incorporation of
macromolecular chains into lamellar crystals, resulting in lateral lamellar expansion. It should be
mentioned that the crystal size increases linearly with time at a given crystallization temperature.

For instance, the spherulite radius r is related to time t by the following equation:
r=vt (2.10)

Where v is defined as the growth rate and is highly dependent on the crystallization temperature.
In addition, as the temperature decreases further below the melting temperature, the crystal growth
rate increases. Since crystal growth is time-dependent and strongly affected by crystallization
temperature, rapid cooling limits the time available for nucleation and crystal growth, resulting in
reduced crystallinity or an amorphous structure. Crystallizable polymers, such as poly(ethylene
terephthalate) and isotactic polypropylene, typically crystallize during slow cooling but can remain

amorphous when rapidly cooled [1].



It is worth noting that crystals are thermodynamically and mechanically stable systems whose
solidity arises from long-range translational order that can persist even in the presence of thermal
motion [42]. When the repeating units are small, simple and identical, high levels of crystallinity
can be achieved. In contrast, polymers containing bulky or complex side groups can crystallize
only when these substituents exhibit a high degree of tacticity [6]. In Figure 34 is illustrated the

crystallization process from melt.

— ]

Entangled random coil melt (ERC melt) Semicrystalline state Semicrystalline state Extended-chain crystal (ECC)

Figure 34: Schematic representation of crystallization process from melt; wherein the ideal (right-hand) structure, the state of the

lowest possible Gibbs free energy, is never realized [2].

The crystallinity of polymers is commonly evaluated by means of calorimetric, diffraction, and
spectroscopic methods [41]. The degree of crystallinity is also determined using the density
method, since the transition from the molten to the crystalline state is accompanied by a reduction

in volume due to an increase in density.

The degree of crystallinity can be determined using Wide-Angle-X-ray Scattering (WAXS). In
the WAXS pattern of a semi-crystalline polymers sharp peaks arise from the crystalline regions,
while a broad halo corresponds to the amorphous fraction. The crystalline fraction is calculated
according to the following equation.

Ac

X,=—Ft
© (At A)

(2.11)
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Where Aa is the area under the amorphous halo and Ac is the area remaining under the crystalline

peaks.

Another common technique for determining the degree of crystallinity is differential scanning
calorimetry (DSC). The crystallinity is calculated by comparing the measured melting enthalpy
(AHm) to the melting enthalpy of a 100% crystalline sample (4HY,) [1].

AH,,

X =
°  AHY

(2.12)

In addition, the mobile amorphous fraction (Xw) is obtained from calorimetric measurements (Eq.
2.13). Based on these quantities, the rigid amorphous fraction (Xr) can be calculated by subtracting

the crystalline and mobile amorphous fractions from unity, as shown in Eq. 2.14 [48].

AC
b (2.13)

Xy=—%
Macy

2.2.3 Melting
The crystalline melting point temperature (Tm) is defined as the highest temperature at which

polymer crystals can exist [6] and it can be viewed as the inverse process of crystallization in terms
of structural disordering [1]. Crystal melting is considered a first-order transition. More
specifically, the melting process begin with the expansion of crystal lattice, then rotational disorder
is introduced at each lattice site, even as the long-range positional order of the expanded structure
persists. Finally, the introduction of large-amplitude particle motion destabilizes this intermediate

structure, destroying the remaining long-range positional order.

From a thermodynamic perspective, the melting of a polymer crystal is an entropically favorable
process, in which the increase in positional, orientational and conformational entropy drives the
transition from the ordered crystalline state to the disordered liquid. Although melting is
enthalpically unfavorable, at temperatures above the equilibrium melting temperature the entropic
contribution (T AS) dominates the Gibbs free energy change (AG = AH — TAS). Consequently, the

Gibbs free energy of the liquid becomes lower than that of the crystal and melting proceeds



spontaneously. A crystal that remains in the solid state at temperatures above its equilibrium

melting temperature is said to be superheated [41].

The melting behavior is influenced by the polymer’s thermal history and most notably by the
crystallization temperature. In addition to thermal history, the heating rate significantly affects the
shape and position of the melting endotherm. Therefore, it is not feasible to define a single melting

temperature for a polymer sample, as this phase transition typically spans a temperature range [1].

Factors affecting the Tm

The dominant factor determining the melting temperature of different polymers is their chemical
factor. The presence of hydrogen bonding makes crystal melting more difficult and therefore
increases Tm. Another factor which influences the value of Tn is the type and size of side groups
attached to the polymer backbone. Furthermore, the melting temperature is significantly influenced
by molar mass and degree of branching. In low molar mass polymers, the high concentration of
chain ends introduces defects into the crystal lattice, thereby lowering Tm. Similarly, branches in
non-linear polymers also introduce defects. However, in the case of polymers with sufficiently
high molar mass to exhibit useful mechanical properties, the sensitivity of T, to further increases
in molar mass is minimal. In contrast, chain branching exerts a much more profound effect; for
instance, in high-molar-mass polyethylene, the presence of branches can depress Tm by as much
as 30 K. Fundamentally, both chain ends and branches function as lattice impurities that disrupt
crystal perfection and reduce thermodynamic stability. In general, irregularities in the main chain
reduce the ability of the molecules to crystallize and therefore lower the melting temperature.
Finally, the same factors tend to increase or decrease both T and Tg, as both are primarily

controlled by the stiffness of the polymer main chain [1].

It should be noted that, below the melting temperature, secondary crystalline transitions take
place where occurs transformation of crystalline forms [6]. At temperatures below the melting
point, crystalline solid-solid transitions may occur, characterized by changes in the crystal packing
that result in the transformation of one crystal type to another. These solid-state transformations

are first-order transitions and less pronounced than crystalline solid-liquid transitions [41].
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In crystalline polymers, the Tr, defines the upper service temperature of plastics and the lower
service temperature of rubbers [6], while in semi-crystalline polymers the Tr, determines the upper-

use limit [1].



3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a cornerstone thermal analysis technique widely used
across diverse fields, including polymers, food science, biological materials, pharmaceutical
products, glasses and ceramics. DSC measurements provide quantitative and qualitative
information about physical and chemical changes within a material in response to temperature
[52].

The operating principle of DSC is based on measuring the heat flow rate between a sample and
an inert reference as a function of temperature or time. In DSC measurements, the sample is either
subjected to a dynamic temperature program or held under isothermal conditions. A temperature
difference between the sample and the reference arises as a result of their differing heat capacities
(Cp). Therefore, during chemical reactions or physical transitions, heat is either released or
absorbed, and this heat exchange is detected by the calorimeter and recorded as a heat flow signal
[44], [53]. Both the sample the reference are encapsulated in pans in order to ensure good thermal
contact with the furnace and to prevent contamination of the analyzer. Sample pans are available
in a wide range of sizes and materials, designed to accommodate different temperature and
pressure conditions [52]. In DSC measurements, the reference sample is usually an empty pan or,
when analyzing solutions, a pan containing the pure solvent [53]. It should be noted that two
different conventions are used to represent DSC heat flow curves as a function of temperature. In
one case, endothermic events are plotted in the downward direction, whereas in the other they are

displayed upward [52].

Purge gases are employed to regulate the sample environment, remove volatile species from the
system, and prevent contamination. They also contribute to signal stability by suppressing internal
convection currents, prevent ice formation during sub-ambient measurements, and can be used to
establish a controlled or reactive atmosphere when required. More specifically, nitrogen, helium,
argon, air, and oxygen are employed as purge gases. Among them, nitrogen is the most widely
used purge gas due to its inert nature, while air and oxygen are applied in oxidative measurements.
In addition, helium is used for low-temperature and fast-scan DSC studies, whereas argon is

suitable for high-temperature applications above 600°C. The purge gas flow rate is controlled
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either through mass flow controllers or by employing a pressure regulator in conjunction with a

flow restrictor [52].

Based on their instrumental design and measurement principles, differential scanning
calorimeters can be classified into two fundamental types: heat flux DSC and power compensation
DSC. Both types of DSC provide the same type of output data namely, but they differ in their
operating principles furnace arrangement by directly measuring the heating rate difference

between the sample and reference.

In heat flux DSC, both the sample and the reference are positioned within a single furnace. The
heat exchange path in this type of DSC can be implemented using different sensor geometries,
such as disk-type, turret-type, or cylinder-type configurations. Among them, the most commonly
used is the disk-type measurement system (Figure 35a), in which identical temperature sensors are
integrated into the disk structure. One sensor monitors the temperature of the sample, while the
other measures the temperature of the reference, allowing accurate determination of the
temperature difference (AT) between them. When the furnace is heated, thermal energy is
transferred through the disk to both the sample and the reference. If no thermal event occurs, the
heat supplied to each side is essentially the same, and thermal equilibrium is maintained, resulting
in no temperature difference between them. However, if a phase transition occurs in the sample,
this thermal balance is disturbed, leading to the appearance of a differential temperature signal.

This signal reflects the difference in heat flow between the sample and the reference [44].

In power compensation DSC (Figure 35b), two identical microfurnaces are positioned inside a
thermostatic chamber. One furnace contains the sample, while the other serves as a reference. Each
microfurnace is equipped with its own temperature sensor and heating element, allowing
independent operation. The instrument continuously imposes the same programmed temperature
on both furnaces through separate control circuits. For instance, during heating, the system
maintains both the sample and reference at identical temperatures. If a thermal event occurs in the
sample, a tendency for a temperature difference arises. This difference is detected and used as the
input signal for a secondary control circuit, which adjusts the electrical power supplied to the
sample furnace in order to restore thermal equilibrium. The additional (or reduced) heating power

required to maintain equal temperatures is proportional to the heat absorbed or released by the



sample. Consequently, the recorded signal in power-compensation DSC corresponds to the

difference in electrical power between the two furnaces, providing a direct measurement of the

sample’s heat flow [44].
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Figure 36 presents a schematic DSC thermogram illustrating the main thermal transitions
typically observed in semicrystalline polymers during heating. As the temperature increases, the
first thermal event corresponds to the glass transition temperature (Tg), Which appears as a step
change in the baseline due to the increase in heat capacity associated with the transition of the
amorphous phase from the glassy to the rubbery state. Upon further heating, an exothermic peak
may appear, corresponding to the cold crystallization temperature (Tcc), where polymer chains gain
sufficient mobility to rearrange into more ordered crystalline structures. At higher temperatures,
an endothermic peak is observed at the melting temperature (Tm), which is associated with the

melting of the crystalline regions of the polymer. It should be noted that the direction of the peaks
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Figure 35: Schematic diagram of a measurement cell used in (a) heat-flux DSC, and (b) power-compensated DSC [44].

indicates whether the process is exothermic or endothermic [1].
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Figure 36: Schematic DSC thermogram showing the characteristic thermal transitions of a semicrystalline polymer: glass
transition (Tg), cold crystallization (T..), and melting (T) [1].
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4. Experimental section

4.1 Materials

In the present study, the biodegradable polymer poly(hexylene succinate) (PHSu) and a series of
PHSu-based nanocomposites were investigated. More specifically, the series of PHSu
nanocomposites reinforced with 1 wt% silica (SiO2), montmorillonite (MMT), graphene oxide
(GO) and multi-walled carbon nanotubes (MWCNTS) were studied.

The PHSu matrix (Figure 37) was prepared via two-stage melt polycondensation at the
Laboratory of Polymer Chemistry and Technology, Department of Chemistry, Aristotle University
of Thessaloniki (AUTH). The process involved the esterification of succinic acid with 1,6-

hexanediol, followed by polycondensation.

Figure 37: Photograph of poly(hexylene succinate) (PHSu) employed in the present work.

Regarding the employed nano-inclusions, spherical silica nanoparticles (SiO., commercial name
Aerosil® 200) with a specific surface area of 200 m?/g, particle size < 15 nm, and an aspect ratio
of approximately 1, ARsio2 ~1, were supplied by Evonik Industries (Essen, Germany).
Furthermore, layered montmorillonite (MMT, commercial name Cloisite® 10A) modified with
dimethyl benzyl hydrogenated tallow quaternary ammonium, exhibiting an interlayer spacing,
dspace = 1.96 nm, an average particle size of ~ 20 pum, and ARmmT = 10-400, was supplied by
Southern Clay Products (USA). In addition, layered graphene oxide nanoparticles (GO) with a
specific surface area of 35 m*/g, dimensions of approximately 5 um % 5 pm of thickness of 0.61
nm, and ARco =~ 40-400 were used. These were the only non-commercial nano-inclusions
employed in this study and were synthesized at the Laboratory of Polymer Chemistry and
Technology, Department of Chemistry, Aristotle University of Thessaloniki (AUTH), following
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the Tour method. Finally, multi-walled carbon nanotubes (MWCNTS), hereafter referred to as
CNTs for brevity, with an average length of ~ 5 um, a diameter of ~16 nm, a density of 0.2 g/cm?,
and ARcnTs = 150-500, were supplied by Glonatech S.A. (Athens, Greece). The materials used in
the present study are listed in Table 2, while a schematic representation of the relative size and

shape of nanofillers investigated is presented in Figure 38.

Table 2: Materials under investigation.

Sample Polymer | Filler Filler dimensions Filler Supplier
matrix content
(Wt%)
PHSu (neat) | PHSu - - - AUTH (synthesized in-
house)
PHSu/SiO2 PHSu SiO, d<15nm 1 Evonik, Essen, Germany
(Aerosil® 200)
PHSU/MMT | PHSu MMT Platelet size ~20 um | 1 Southern Clay Products,
(Cloisite® 10A) | dspace = 1.96 nm USA
PHSu I =5 pm, w = 5um, 1
tmonolayer = 0.61 Nm
PHSu [=5pum,d=16nm |1
d: diameter, I: length, t: thickness, w: width, dspace: interlayer spacing, tmonolayer: monolayer thickness

* PHSu+1wt. % * PHSu+1wt. %

% € C <15 nm A\ \201//77

~2 nm
Nanofillers montmorillonite (MMT
incorporated
in
* PHSu+1wt. % PHSu * PHSu+1wt. %

AN\ ~5 Hm
Ry
S
0

MWCNT (CNT)
Figure 38: Schematic illustration showing the relative size and shape of the nano-inclusions investigated: silica nanoparticles (< 15

/W~O 61 nm 16 nm

~5 x5 um HO

HOO
graphene oxide (GO)

nm), MMT platelets, GO sheets, and MWCNTs.



4.2 Sample preparation for DSC measurements

Prior to DSC measurements, the samples were prepared in accordance with a standardized
protocol. For differential scanning calorimetry (DSC) measurements, the selection of an
appropriate pan and lid is critical and must be based on the desired temperature range. More
specifically, aluminum pans are suitable for scans up to 600°C, materials such as gold, platinum,
or alumina are required for higher-temperature measurements. More specifically, standard
aluminum pans and lids are suitable for solid and powder samples and are commonly used in
conventional DSC experiments up to 600°C. Furthermore, Tzero aluminum pans are designed for
solid, powder and liquid samples and may be combined with either Tzero lids or Tzero hermetic
lids to contain volatiles and prevent evaporation. However, it is important to ensure that the
selected hermetic pan can withstand the internal pressure that may build up during heating, as
pressure build-up can cause deformation or bursting, which would result in artifacts or
contamination of the analyzer. If volatile evolution is expected but high pressure is a concern, pans
with pinhole lids are employed to allow for controlled gas exchange while preventing sample loss.
For applications requiring analysis at very high temperatures or pressures, such as with biological
materials or curing reactions, specialized high-pressure capsules should be used. Open (uncovered)
pans are employed when maximum interaction with the atmosphere is essential, whereas pans with
pinhole lids are used for experiments requiring gas exchange, such as oxidative stability tests.
Tzero pans and lids are particularly suitable for high-precision and technique-specific
measurements, including step-scan and temperature modulated experiments [52]. All experiments
carried out within the scope of this master’s thesis were conducted using Tzero pans and lids as

shown in Figure 39a.

Furthermore, the appropriate platform was selected based on the type and size of the pan and lid
used for the experiment, as different colored platforms correspond to specific pan-lid
configurations. The mass of the completely empty pan and lid was recorded using an analytical
balance (Figure 39e). In the next step, the sample was carefully added to the pan and its mass was
recorded. It is worth noting that for standard DSC measurements, the ideal sample mass lies in the
range of 6-8 mg. The pan was carefully placed in the central hole of the lower die of the platform
(Figure 39c), after which the lid was positioned on the pan Figure 39d and the platform was

subsequently inserted into the sample sealing press Figure 39f. After the sealing process, the sealed
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pan-lid assembly containing the sample was removed from the sample sealing press and was ready
for measurement. All samples investigated in this study were prepared according to the procedure

outlined above.

Figure 39: Representative photographs illustrating the DSC sample preparation procedure: (a) Tzero aluminum pan (left) and lid
(right), (b) upper die, (c) lower die, (d) sealed pan-lid assembly, (e) high-precision analytical balance used for weighing, and (f)

sample sealing press.

4.3 DSC instrumentation and calibration

The calorimetric measurements were performed employing a heat flux DSC, specifically a TA
Q200 DSC apparatus (TA Instruments, USA). Before performing any measurements, the furnace
of the instrument was carefully cleaned and the system was calibrated with sapphires for heat
capacity and indium for temperature and enthalpy. For each measurement, the sample under
investigation and the reference sample, in all cases an empty aluminum pan, were placed inside

the furnace.

The DSC setup used for the experiments is illustrated in Figure 40. The system consisted of a
furnace, a gas control unit, and a computer for data acquisition. The DSC cell contained a sample
platform and a reference platform. The sample material, which was loaded into a Tzero aluminum
pan, was placed on the sample platform, while an identical empty pan served as the reference and
placed on the reference platform. In this study, the samples were subjected to a temperature range
from —120 °C to 100 °C under a constant helium flow of 25 mL/min, which was continuously

purged through the furnace to maintain an inert atmosphere inside the DSC cell. The temperature
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program was controlled by the instrument’s temperature control system, which combines a
resistance heating system integrated into the furnace for heating and liquid nitrogen supplied
through the Liquid Nitrogen Cooling System (LNCS) for cooling. This configuration enabled
precise temperature regulation during the measurements and allowed the investigation of the

thermal transitions of the samples.

Flow rate: 25
mL/min

Liquid N,

Figure 40: Schematic representation of the TA Instruments Q200 Differential Scanning Calorimeter (DSC) setup. Helium was
supplied at a constant flow rate of 25 mL min~" to maintain an inert atmosphere inside the furnace, while temperature control
was achieved through a resistance heating system integrated into the furnace and liquid nitrogen supplied via the Liquid Nitrogen
Cooling System (LNCS). The DSC cell shows the sample and reference platforms, where the sample pan and an empty reference

pan were placed, respectively.

The masses of the samples used for the DSC measurements are listed in Table 3.
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Table 3: Sample masses used in DSC measurements.

Sample Mass (mg)
PHSu (neat) 6.3
PHSU/SiO2 6.52
PHSU/MMT 5.95

5.63

6.71

All DSC measurements were carried out at the Thermal Analysis Laboratory and the Dielectric
Spectroscopy Laboratory of the Physics Department at the National Technical University of
Athens (NTUA).

4.4 DSC thermal protocol

All samples were subjected to the following thermal protocol:
1%t scan

The system was initially equilibrated at -120°C and held isothermally for 1 min. Subsequently,
the samples were heated from -120°C to 100°C at a rate of 10 K/min and maintained at this
temperature for 1 min. This heating cycle was applied to eliminate the previous thermal history of

the samples.
2" scan

Cooling was performed from 100°C to -120°C at a rate of 10 K/min, followed by an isothermal
hold of 1 min. The system was then reheated to 100°C at 10 K/min.

3'd scan

Rapid cooling was performed from 100°C to -120°C, followed by isothermal annealing for 4 min.

Subsequently, the samples were reheated to 100°C at a rate of 10 K/min. The fast cooling step was



implemented to prevent crystallization. Based on the time required to reach —120 °C, the cooling

rate was estimated to be approximately 70-80 K/min.

In Figure 41 is shown the schematic representation of the discussed thermal protocol.
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Figure 41: Schematic representation of the thermal protocol used for DSC analysis, illustrating the three consecutive heating and

cooling scans over the temperature range of -120°C'to 100 °C.
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5. Experimental results and analysis

The DSC thermogram of neat poly(hexylene succinate) (PHSu) is shown in Figure 42, where the
main thermal transitions, namely, glass transition, crystallization and melting, and cold
crystallization are clearly observed. In addition, the inset displays magnified views of the glass
transition region during the first, the second and the third heating scans. It should be noted that the
heat flow axis has been normalized with respect to the sample mass. The same normalization
procedure was consistently applied to all subsequent thermograms, using the sample masses listed
in Table 3. In all subsequent diagrams, the “endo up” convention was adopted, whereby

endothermic events are represented in the upward direction.

PHSu

Melting
o
Q Iz Wig
=
o]
c
& -
g |
= {1 | glass transition — 15 scan
@ |iJoodowg .
= gt . 3" scan
£
| -
(@] -
= - Crystallization

70 60 -50 -40 -30
1 % I

800 000 56 0 % 106
temperature (°C)

Figure 42: Comparative DSC traces for sample PHSu neat, for all scans employed. The recorded main thermal events are indicated
on the plot. The inset presents the glass transition steps within a narrower temperature window. The recorded heat flow (in mW)

is presented upon normalization to the sample mass (W/g).



As shown in the DSC thermogram of neat PHSu (Figure 42), the sample was initially cooled to
—120 °C and subsequently heated at a rate of 10 K/min up to 100 °C. During the first heating scan,
an endothermic peak corresponding to the melting of crystalline regions is observed. These
crystalline structures are attributed to crystals that were formed either during the processing of the
sample or during its storage. Therefore, during the first heating from the solid to the molten state,
the previous thermal history of the material is effectively erased. For this reason, the thermal
parameters obtained from the first scan are not considered representative of the intrinsic thermal
behavior of the polymer, and the analysis mainly focuses on the second scan. After reaching 100
°C, the sample was maintained under isothermal conditions for 1 minute before the subsequent

cooling step.

During the second scan, the sample was cooled from 100 °C to —120 °C at a rate of 10 K/min.
During cooling, an exothermic crystallization peak was observed at approximately 28 °C, with a
crystallization enthalpy of 68 J/g. This phenomenon is associated with the ordering of polymer
chains into more organized crystalline structures. After reaching —120 °C, the sample was held
isothermally for 1 minute before the next heating scan. Subsequently, the sample was reheated
from —120 °C to 100 °C at the same heating rate (10 K/min). During this heating process, the
melting of the crystalline regions formed during the previous cooling step was detected, exhibiting
amelting peak at approximately 50 °C with a melting enthalpy of 71 J/g. Once again, after reaching
100 °C, the sample was kept under isothermal conditions for 1.

Afterwards, the sample was subjected to rapid cooling with an estimated cooling rate of
approximately 70-80 K/min in order to investigate the crystallization ability of the material under
kinetically unfavorable conditions. It was observed that the polymer was still able to crystallize
under these conditions, although the crystallization rate was significantly reduced, as evidenced
by the shift of the crystallization peak to temperatures approximately 10 °C lower. The sample was
then held under isothermal conditions for 4 minutes and subsequently reheated at a rate of 10
K/min. In this third heating scan, the melting peak appeared at a temperature approximately 1 °C

lower (49 °C) than the melting temperature observed during the second heating scan.

The inset of the figure illustrates the glass transition behavior observed during the three heating

scans. The glass transition temperature during the second scan was detected at approximately —53
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°C. After rapid cooling, Tg shifted slightly to a lower temperature (—54 °C). This small shift can
be attributed to the rapid cooling process, which traps the polymer chains in a non-equilibrated
configuration, resulting in excess free volume and therefore slightly enhanced chain mobility at

lower temperatures.

The DSC thermogram of the PHSu nanocomposite containing 1 wt% spherical silica (SiO5)
nanoparticles is presented in Figure 43. As in the case of neat PHSu (Figure 42), glass transition,
crystallization, melting, and cold crystallization are observed. The inset displays magnified views

in the vicinity of glass transition during the first, second and third heating scans.
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Figure 43: Comparative DSC traces for the nanocomposite PHSu + 1 wt.% SiO3, for all scans employed. The recorded main thermal

events are indicated on the plot. The inset presents the glass transition steps within a narrower temperature window. The recorded

heat flow (in mW) is presented upon normalization to the sample mass (W/g).



The thermogram of PHSu nanocomposite containing 1 wt% montmorillonite (MMT) is shown in

Figure 44, where the glass transition, crystallization, melting, and cold crystallization are evident.

The glass transition region during the first, second and third heating scan is presented in the inset.
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Figure 44: Comparative DSC traces for the nanocomposite PHSu + 1 wt.% MMT, for all scans employed. The recorded main thermal

events are indicated on the plot. The inset presents the glass transition steps within a narrower temperature window. The recorded

heat flow (in mW) is presented upon normalization to the sample mass (W/g).

Figure 45 shows the thermogram of the PHSu nanocomposite containing 1 wt% graphene oxide

(GO). The glass transition, crystallization, melting, and cold crystallization are observed.

Furthermore, the inset displays the glass transition region during the three consecutive heating

scans.
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Figure 45: Comparative DSC traces for the nanocomposite PHSu + 1 wt.% GO, for all scans employed. The recorded main thermal
events are indicated on the plot. The inset presents the glass transition steps within a narrower temperature window. The recorded

heat flow (in mW) is presented upon normalization to the sample mass (W/g).

Figure 46 shows the thermogram of the PHSu nanocomposite containing 1 wt% carbon nanotubes
(CNTs). The glass transition, crystallization, melting and cold crystallization are observed.
Furthermore, the inset displays the glass transition region during the three consecutive heating

scans.
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Figure 46: Comparative DSC traces for the nanocomposite PHSu + 1 wt.% MWCNTs, for all scans employed. The recorded main

thermal events are indicated on the plot. The inset presents the glass transition steps within a narrower temperature window. The

recorded heat flow (in mW) is presented upon normalization to the sample mass (W/g).

The thermal characteristics derived from the DSC measurements are summarized in Table 4.
Specifically, the crystallization temperature (Tc) during cooling, as well as the glass transition
temperature (Tg) and melting temperature (Tm), are reported for the second heating scan. In
addition, the corresponding thermal parameters, including cooling crystallization, glass transition,
and melting behavior, obtained during the third scan after fast cooling are also presented for

comparative evaluation.
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Table 4: Thermal characteristics of PHSu and PHSu-based nanocomposites obtained from DSC measurements (2" and 3" scan).

Scan 2 (cool at 10K/min)

Scan 3 (fast cool)

Cooling Cooling

crystallization Glass transition Melting crystallization Glass transition Melting

(°C) | Qlg) | (°C) (°C) | (g) | (°C) | (J9) §®) (°C) (J/9)
PHSu 28 68 -53 0.18 £ 0.01 50 71 18 65 -54 0.15+0.01 49/52* | 74
+ 1% 26 69 -53 0.20+£0.01 50 72 15 64 -53 0.18 £ 0.01 49/52* | 74
SiO2
+1% 27 68 -54 0.19+0.01 49 71 16 63 -54 0.16 +0.01 | 48/52* | 72
MMT

31 68 -53 0.17+0.01 50 71 20 64 -53 0.16 +0.01 | 49/52* | 73

35 71 -54 0.17+0.01 51 75 26 66 -54 0.16 £ 0.01 50 71

* Double melting peaks

where tangents were drawn on the heat flow curve at temperatures above and below the glass
transition region. The glass transition temperature was defined as the intersection of the bisector
of the angle formed by the two tangents with the heat flow curve. In addition, the changes in

enthalpy during melting and crystallization were calculated by integrating the heat flow curve

using the above-mentioned software.

are presented in Figure 47, focusing on the crystallization peak under slow cooling conditions

(Figure 47a) and fast cooling conditions (Figure 47b).

The experimental determination of T4 was performed using the TA Universal Analysis software,

The comparative DSC cooling thermograms of neat PHSu and all corresponding nanocomposites
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Figure 47: Comparative DSC cooling traces for PHSu and all nanocomposites, focusing on the crystallization peak, during cooling
(a) at 10 K/min and (b) at fast rate. The recorded heat flow (in mW) is presented upon normalization to the sample mass (W/g).

The added horizontal arrows mark the effect of the fillers addition.

During cooling at 10 K/min, neat PHSu exhibited a crystallization peak at 28 °C. The
incorporation of the nanofillers shifted the crystallization temperature (T¢) to 26, 27, 31, and 35 °C
for the nanocomposites containing SiO2, MMT, GO, and MWCNTSs, respectively. Among all
samples, the PHSU/CNTs nanocomposite displayed the highest crystallization temperature.
Moreover, this sample exhibited the highest crystallization enthalpy (AH¢ = 71 J/g) during the 2"

scan, suggesting the greatest degree of crystallinity.

During fast cooling, crystallization peaks were observed at 18, 15, 16, 20, and 26 °C for neat
PHSu and the nanocomposites containing SiO2, MMT, GO, and CNTSs, respectively. The
crystallization enthalpies were found to be 65, 64, 63, 64 and 66 J/g for PHSu, PHSu/SiO2,
PHSU/MMT, PHSu/GO and PHSuU/CNTSs, respectively. The PHSu/CNTs nanocomposite exhibited

the highest crystallization temperature and crystallization enthalpy.

For a more straightforward examination of the filler effects, comparative column diagrams were
constructed. Figure 48 presents the crystallization temperature T and enthalpy for the 1%t and 2™

scans for all samples investigated.
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Figure 48: The filler effects on hot crystallization for 15t and 2" scan , shown in the form of column diagrams (a) T. and (b) AH..

The column diagrams from the first scan clearly show that the incorporation of GO and CNTs
led to an increase in melting enthalpy relative to neat PHSu, suggesting enhanced nucleation
activity. Accordingly, the nucleating effectiveness of the nanofillers follows the order: SiO, <
MMT < GO < CNTs, which is also in agreement with the increasing trend of nanofiller aspect
ratio ARsio2 < ARmmT = ARco < ARcnts. On the other hand, the crystallization enthalpy values
indicate that MMT and GO have negligible effect on the crystalline fraction. In addition, SiO>

nanoparticles provide a slight increase, while CNTSs result in the most pronounced enhancement.

The comparative DSC melting traces of neat PHSu and all corresponding nanocomposites are
presented in Figure 49. The melting endotherms recorded during the second heating cycle are
presented in Figure 49a, whereas the melting behavior obtained during the third heating cycle is
depicted in Figure 49b.
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Figure 49: Comparative DSC heating traces for PHSu and all nanocomposites, focusing on the melting peak, during heating
corresponding to (a) 15t scan and (b) 2" scan. The recorded heat flow (in mW) is presented upon normalization to the sample mass

(W/g). The added horizontal arrows mark the effect of the fillers addition.

During the second heating scan, the melting temperatures were recorded at 50 °C for neat PHSu,
50 °C for PHSU/SIO2, 49 °C for PHSU/MMT, 50 °C for PHSu/GO, and 51 °C for PHSu/CNTSs.
The corresponding enthalpy of fusion (AHm) values were 71, 72, 71, 71, and 75 J/g, respectively.
Upon heating after fast cooling, double melting peaks were observed for neat PHSu and all
nanocomposites except for the one containing CNTs. The melting temperatures were recorded at
49 °C and 52 °C for neat PHSu, as well as for the PHSu/SiO, and PHSu/GO samples. The
PHSu/MMT nanocomposite showed peaks at 48 °C and 52 °C, whereas the PHSU/CNTs sample
exhibited a single melting peak at 50 °C.

The appearance of a double melting peak in DSC thermograms can be interpreted through several
possible mechanisms. One widely accepted explanation involves the initial melting of smaller or
less perfect crystals, followed by recrystallization into more stable and better-organized crystalline
structures, which subsequently melt at higher temperatures. Another possible interpretation is the
coexistence of distinct crystalline forms within the material, each characterized by a different level
of structural order and therefore different melting temperatures. A further explanation relates to
the presence of crystals with varying lamellar thicknesses, since thinner lamellae typically melt at
lower temperatures, while thicker and more stable crystalline domains require higher thermal

energy to melt [23].
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The melting characteristics of the examined samples are comparatively presented in the column
diagrams of Figure 50. In particular, Figure 50a displays the melting temperatures (Tm) obtained
during the first and second heating scans, whereas Figure 50b illustrates the corresponding melting
enthalpy (AHm) values.
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Figure 50: Effects on melting, namely, (a) T, and (b) AH,, for 15t and 2" scan , being shown in the form of column diagrams.

As shown in a, during the first heating scan, the PHSu nanocomposite containing 1 wt% CNTs
exhibits a noticeable shift of the melting temperature (Tm) toward higher values compared to the
other systems. This shift indicates that a higher thermal input is required for the melting of the
formed crystallites, suggesting the development of more structurally ordered and thermally stable
crystalline domains in the presence of CNTs. A comparable, though less significant, tendency is
also observed for PHSU/CNTSs in the second heating scan after fast cooling. As shown in Figure
48b, a noticeable increase in the enthalpy of fusion (AHm) is observed for the PHSU/CNTSs
nanocomposite, supporting the enhancement in the degree of crystallinity.

A very slight increase in melting enthalpy is detected for the PHSu/SiO> system compared to neat

PHSu, indicating a marginal increase in the crystalline fraction.

During the first heating scan, the GO nanocomposite exhibited melting parameters similar to

those of neat PHSu. Neither a shift in melting temperature nor a significant change in melting



enthalpy was detected, suggesting that GO did not substantially influence the crystalline structure

under these conditions.

In contrast, the incorporation of montmorillonite not only offered no improvement in the
crystalline fraction but also appeared to impair crystalline quality, with the melting endotherm

occurring at a lower temperature.

Based on the above considerations, a crystallization model is proposed for the polymer
nanocomposite containing carbon nanotubes, as illustrated schematically in Figure 51. In this
model, carbon nanotubes dispersed in the polymer matrix may act as heterogeneous nucleating
agents. Due to their high surface area and elongated structure, polymer chains can adsorb or
partially wrap around the surface of the nanotubes, forming locally ordered regions that facilitate
the nucleation process. These regions are suggested to serve as nucleation sites from which

crystalline lamellae can grow, eventually leading to the formation of spherulitic structures.

In the vicinity of the crystalline lamellae, the mobility of polymer chains becomes significantly
restricted, giving rise to the rigid amorphous fraction (RAF). Further away from the crystalline
domains, polymer chains retain higher mobility and form the mobile amorphous fraction (MAF).
For comparison, the right part of the schematic also illustrates homogeneous crystallization
occurring within the bulk polymer matrix in the absence of nucleating inclusions. In this case,
crystalline regions develop within the amorphous phase without the presence of an external

nucleating surface.
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Figure 51: Schematic illustration of the proposed crystallization mechanism in the nanocomposite PHSu + 1 wt. % CNTs. Carbon
nanotubes act as heterogeneous nucleating agents, promoting the formation of crystalline lamellae and spherulitic structures.
The diagram also illustrates the formation of rigid amorphous fraction (RAF), mobile amorphous fraction (MAF), and

homogeneous crystallization in the bulk polymer matrix.

Figure 52 presents the DSC thermograms of neat PHSu and its nanocomposites recorded at a
heating rate of 10 K/min. Solid lines correspond to the second heating scan, while dashed lines

represent the third heating scan after the samples were subjected to fast cooling.
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Figure 52: DSC heating traces presenting the temperature region of both cold crystallization and glass transition. The results are
shown for samples previously subjected to (solid lines) slow cooling and (dashes lines) fast cooling. The added arrows point to the

cold crystallization events.

The dashed curves (rapid cooling) exhibit a distinct exothermic peak in the sub-ambient
temperature region, attributed to cold crystallization. A pronounced cold crystallization peak is
observed during the third heating scan, following the rapid cooling step. The fast cooling process
suppresses crystallization during cooling, preventing the polymer chains from organizing into a
well-developed crystalline structure. As a result, a significant fraction of the material remains in a
metastable amorphous state. Upon subsequent reheating, molecular mobility is restored,
facilitating crystallization in the solid state, which manifests as an intense cold crystallization

exotherm in the DSC thermogram.

As far as the glass transition is concerned, the corresponding Tq steps for the second and third

heating scans are presented in Figure 53a and Figure 53b, respectively.
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Figure 53: Raw DSC results on glass transition shown comparatively for all samples, for (a) 2" scan and (b) 3™ scan. The recorded
heat flow (in mW) is presented upon normalization to the sample mass (W/g). The added grey dashed lines represent the baselines

prior and upon the glass transition for selected cases.

During the second heating scan, the glass transition temperatures (Tg) were recorded at —53, 53,
54, -53, and —54 °C for neat PHSu and the nanocomposites containing SiO2, MMT, GO, and
CNTs, respectively. During the second heating scan, the glass transition temperatures (Tq) were
recorded at —54, —53, —54, —53, and —54 °C for neat PHSu and the nanocomposites PHSu/SiO,
PHSU/MMT, PHSuU/GO, and PHSuU/CNTSs, respectively.

According to the study conducted by Bikiaris et al., PHSu exhibited a glass transition temperature
of -52.7 °C upon heating at 20 K/min using DSC [38]. In the present work, T4 value of -53.0 °C
was recorded for all samples at a heating rate of 10 K/min. Considering the well-known
dependence of Tq on heating rate, where lower rates typically result in slightly lower Tq4 values, the
obtained results are in relatively good agreement with the literature.

It should be noted that the characteristic temperature T4 was determined as the midpoint of the
heat capacity step observed in the DSC thermogram for neat PHSu and the PHSu-based

nanocomposites.

At temperatures below the glass transition temperature, the free volume of the polymer is
relatively small and remains nearly constant, resulting in limited chain mobility. As the

temperature exceeds Tg, the free volume increases significantly, allowing greater molecular
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motion of the polymer chains. This increase in chain mobility is also associated with enhanced
permeability and diffusion through the polymer matrix. In polymer blends or nanocomposites, the
presence of different phases or fillers may further influence the free volume by creating additional

interfacial regions, which can modify the overall mobility of the polymer chains [47].

In the second heating scan, the neat PHSu sample exhibited a glass transition temperature at
approximately —53 °C. After rapid cooling and during the third heating scan, Tg was observed at
—54 °C. This slight shift toward a lower temperature can be attributed to the rapid cooling process,
which traps the polymer chains in a less equilibrated, more expanded state with increased free
volume. Consequently, the segmental mobility required for the glass transition is activated at a

slightly lower temperature.

Figure 54a shows the Tg4 values in the form of column bars obtained from the first and second

heating scans, while Figure 54b displays the corresponding ACp values.
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Figure 54: Effects on glass transition values of interest, i.e., (a) T4 and (b) Ac, for 15t and 2" scan , being shown in the form of

column diagrams.

The similarity between the T4 values of the first and second scans, as well as among the different
nanocomposites indicating that the thermal history does not significantly affect the mobility of the
amorphous phase. Therefore, both the neat polymer and the series of nanocomposites are

characterized by a semi-crystalline nature.
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The observation of both a glass transition and a crystalline melting temperature indicates the
semi-crystalline nature of the polymer [6]. A fully amorphous polymer exhibits only a glass
transition, whereas a crystalline polymer shows one or more melting peaks depending on its

structure and thermal history [2].



6. Conclusions

In the framework of this thesis, the thermal behavior of the biodegradable poly(hexylene
succinate) (PHSu) as well as a series of PHSu-based nanocomposites reinforced with 1 wt.% of
different nanofillers was investigated. The PHSu matrix was incorporated with silica (SiO2),
montmorillonite (MMT), graphene oxide (GO) and multi-walled carbon nanotubes (MWCNTS).
The thermal behavior assessment was performed using a TA Q200 calorimeter (TA Instruments,
USA).

In this study, the nucleation efficiency of the neat PHSu as well as the PHSu-based
nanocomposites was investigated by DSC, by determining the onset of crystallization and the
crystallization enthalpy.

Among all the nanofillers investigated, MWCNTSs exhibited the strongest nucleating effect. More
specifically, the incorporation of MWCNTSs was found to promote crystallization, increasing both
the degree of crystallinity and the crystallization rate of PHSu. These findings indicate that
MWCNTSs act as nucleation nuclei, namely the CNTSs act as effective heterogeneous nucleation
sites, facilitating the initiation of crystal growth. Given that crystallinity significantly influences
the physical properties of polymers, this effect is expected to have a direct impact on the overall

material performance and therefore merits further investigation.

For PHSU/MMT the crystallization and melting temperatures were approximately 1°C lower than
those of neat PHSu, indicating that the presence of montmorillonite did not promote crystallization
in terms of nucleation. However, since the enthalpy values were the same as those of the neat
polymer, the overall crystalline fraction was not affected. One interpretation could be that, while
montmorillonite might exhibit some nucleation potential due to its platelet-like morphology,
interfacial interactions with the polymer could possibly restrict chain folding and, consequently,

limit crystal growth.

Graphene oxide nanoplatelets also enhanced the nucleation process, although to a lesser extent
compared to MWCNTSs, ranking as the second most effective nucleating agent among the fillers

utilized. Despite its positive effect on nucleation, the incorporation of graphene oxide into PHSu
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did not alter the crystalline fraction, as evidenced by the enthalpy values, which remained

unchanged compared to neat PHSu.

In contrast, the addition of silica nanoparticles did not enhance the crystallization behavior of
PHSu. Notably, the crystallization temperature (Tc) of the PHSu/SiO2> nanocomposite was
approximately 2°C lower than that of neat PHSu, indicating that silica did not act as an effective
nucleating agent. However, a slight increase (approximately 1 J/g) in both the crystallization
enthalpy (AHc) and the melting enthalpy (AHm) was observed during the second scan. This
indicates a marginal increase in the crystalline fraction of the PHSu/SiO2 nanocomposite compared
to neat PHSu. It may be speculated that, as temperature increases and polymer chain mobility
becomes enhanced, the small dimensions of the silica nanoparticles allow them to move more
easily within the polymer matrix. Under these conditions, they may locally interfere with chain
entanglements, facilitating chain rearrangement or partial disentanglement rather than promoting
ordered crystal growth. An alternative interpretation could be that silica nanoparticles interfere
with the crystallization process by occupying or competing for potential nucleation sites within
the polymer matrix. This effect may reduce the effective nucleation density and hinder crystal
growth, leading to a shift of the crystallization temperature to lower values and, consequently, to

a slower crystallization rate.

As far as melting is concerned, during the second scan, similar melting temperatures were
observed for all samples, with no substantial variation between neat PHSu and the nanocomposites.
Among them, the PHSU/CNTSs nanocomposite displayed the highest melting temperature, although
the difference was relatively small. However, a noticeable increase in the enthalpy of fusion (AHm)
was observed for the PHSU/CNTs nanocomposite compared to the other nanocomposites. The
requirement of higher thermal energy for melting suggests the development of more perfect and

thermally stable crystalline structures in the presence of CNTs.

In the DSC experiments, rapid cooling was employed in an effort to maintain the samples in an
amorphous state, aiming to clearly assess the influence of the nanofillers on PHSu. However, the

material still displayed semi-crystalline characteristics.

It should be noted that the superior nucleating effect of CNTs observed in this work is in

agreement with previous studies on poly(butylene-succinate)-based nanocomposites, where



carbon nanotubes demonstrated the highest crystallization rate compared to silica,

montmorillonite, and graphene oxide [18].

In conclusion, neither silica nor montmorillonite enhanced nucleation. However, silica led to a
marginal increase in the crystalline fraction. On the other hand, graphene oxide nanoplatelets
promoted nucleation while leaving the crystalline fraction unaffected. The nucleating effectiveness
of the nanofillers follows the order: SiO, < MMT < GO < CNTs. Among all the nanocomposites
studied, the PHSU/CNTs nanocomposite exhibited the most pronounced enhancement in
crystallization behavior. Compared to the other nanofillers, carbon nanotubes resulted in higher
crystallization temperatures and an increased enthalpy of fusion, indicating their superior
nucleating efficiency and a higher crystalline fraction. Overall, these findings highlight the
significant role of CNTs in promoting the formation of more ordered and thermally stable

crystalline structures within the PHSu matrix.
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