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Chapter 1

Introduction

Plastic is an indispensable material in modern life. The products made of plastic
are nearly everywhere, e.g. smart phones, keyboards, water bottles, plastic bags. In
this work, unless otherwise specified, the terms “plastic” and “polymer” are inter-
changeable. The detailed definition of polymer can be found in Chapter 2. From a
great invention facilitating significantly our lives to a material giving rise to significant
environmental problems, it took plastic only around 100 years. The ”first plastic”
(Bakelite) was invented in 1907 by Leo Baekeland [1]. Many commodity plastics, e.g.
High Density Polyethylene (HDPE) and Polypropylene (PP) were launched in the
1950s [2, 3]. The production and consumption of plastic began to soar in the 1970s
after more and more single-use or disposable articles of plastic were invented, e.g.
PET bottles [4] and bags [5] because the material has the advantages of low cost, low
density, good deformability and chemical resistance. The service life of disposable ar-
ticles is rather short [6], it is, then, a challenge for plastic waste management, which
does not develop as fast as plastic technology. Even nowadays, a lot of plastic waste
is mismanaged, which becomes plastic pollution and appears nearly ’everywhere’ as
well [7].

This work does not aim to provide solutions to the environmental issues caused by
plastic pollution but rather focuses on a material study of a specific type of polymers
able to mitigate plastic problems, aliphatic polyesters. Please refer to Chapter 2 for
the definition of polyesters and aliphatic polyesters. Before further introducing state
of the art related to this work, I want to briefly rationalize how aliphatic polyesters
may alleviate the plastic problems.

Currently, plastic is poorly managed at the end of life. According to United
Nations Environment Programme (2022), globally, 46 % of plastic goes into landfill
(disposing garbage by burying it under soil or earth), 22 % is mismanaged, 17 % is
incinerated, and 15 % is collected for recycling, with less than 9 % actually recycled.
This implies that only 9% of plastic waste is considered to follow the circular economy.
The circular economy is an effort to mimic the loop-closing attributes of nature in
anthropogenic systems [8] and is viewed as a sustainable use of plastic. In comparison
with products made of commodity plastics, the products made of aliphatic polyesters
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8 CHAPTER 1. INTRODUCTION

provide more options at their end of life for the circular economy [9]. Due to the
presence of ester groups along the backbone, aliphatic polyesters can be chemically
recycled through not only thermolysis (mainly used for commodity plastic waste)
but also solvolysis, which results in high-quality monomers possible for new synthesis
of polymers [10]. Similar to chemical recycling, it is also possible to depolymerize
aliphatic polyesters by microorganisms and enzymes into monomers [11], which is
realized under milder and cleaner conditions. This recycling process is being studied
and explored. More practically, aliphatic polyesters can be composted or organic
recycled into biomass, CO2, water, etc., under aerobic conditions, or into biomass,
CH4, CO2, water, etc., under anaerobic conditions [12]. The emitted CO2 can be
again integrated into aliphatic polyesters through synthesis, as many of them are
either fully bio-based or partially bio-based [13]. The emitted CH4 is burned and
converted into energy and CO2 to close the loop for the circular economy of aliphatic
polyesters [14]. In addition, aliphatic polyesters can also reduce slightly the impact
of mismanaged plastic waste on our environment due to their biodegradability and
non-toxic degradable product [15,16]. However, the mismanagement of plastic waste
should be, in general, avoided or minimized regardless of polymer type. Even if the
waste is made of aliphatic polyesters, it does not degrade at all, or does not degrade
properly if mismanaged. It can lead to the same environmental consequences as the
waste made of commodity plastics, e.g. threatening the local ecological system [17,18],
or even extra environmental consequence: fast generation of CH4 [19]. The gas is more
than 28 times as potent as CO2 at trapping heat in the atmosphere, according to EPA
(Environmental Protection Agency). The same is true for landfills, which should
be minimized, as they do not follow the circular economy but pose environmental
issues [20, 21]. Aliphatic polyesters should not go into landfills, as there is normally
no facility next to the sites to collect or burn CH4, which is generated under anaerobic
conditions [22].

Now that aliphatic polyesters show great potential to improve the circular econ-
omy of plastic by increasing recycling rates and reducing the amount of waste going
to landfills [23, 24], why are aliphatic polyesters, which accounts for less than 1 % of
total plastic, according to European Bioplastics Market Data (2017), not yet widely
used to replace commodity plastics? There are still many challenges for the replace-
ment of commodity plastics with aliphatic polyesters [14, 25, 26], among which the
slightly inferior mechanical properties to those of commodity plastics draw my atten-
tion. Aliphatic polyesters normally exhibit deficiencies in the combination of modulus
and elongation at break, e.g. HDPE has a higher elongation at break and modulus
than PCL (Polycaprolatcone), PP has a similar elongation at break as PBS (Poly
Butylene Succinate) but much higher modulus. These mechanical deficiencies lead
to hesitation from the industrial perspective [27]. For instance, the industry prefers
“drop-in replacement,” as it is safe and low cost for the replacement, but it is not
possible for aliphatic polyesters due to the deficiency. Different applications, initially
covered by HDPE alone, might require different aliphatic polyesters processed differ-
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ently in different production lines, if HDPE is partially replaced, which increases the
complexity of manufacturing and cost. I was, therefore, motivated by the mechanical
difference between aliphatic polyesters and commodity plastics to study two critical
factors influencing the mechanical properties (mechanical modulus): semicrystalline
morphology and Intra-crystalline Chain Diffusion (ICD). The detailed descriptions of
semicrystalline morphology and ICD can be found in Chapter 2.

It is mostly accepted that above the glass transition temperature (T g), the crys-
tallinity of semicrystalline polymers determines their mechanical modulus [28]. A
linear dependence of logarithmic mechanical modulus on crystallinity is often re-
ported [28,29]. As most studies focus only on one polymer, PE, it is difficult to vary
the crystallinity (X c) independently without changing crystalline layer thickness (d c),
i.e. the higher the crystallinity is, the greater d c is, and vice versa. Therefore, there
were also studies modeling the modulus of semicrystalline polymers by both X c and
d c as critical parameters [30, 31]. However, Wang and co-workers [32] showed the
mechanical modulus is not influenced by d c, but rather the crystallinity alone. It is
also known that the mechanical modulus of semicrystalline polymers is influenced by
phase transitions and relaxation processes. The presence or absence of αc-relaxation
due to ICD has a significant influence on the mechanical modulus between T g and
melting temperature (Tm) [33, 34].

In contrast to the question “What determines the mechanical modulus”, “What
determines the morphology of semicrystalline polymers” is still a long-standing ques-
tion without consensus [35, 36], although several theoretical models have been pro-
posed. The famous Hoffman and Lauritzen (HL) kinetic model assumed the growth
of crystals is controlled by the secondary nucleation rate, the crystal with the highest
growth rate (the highest nucleation rate) dominates the morphology (d c) [37]. Sad-
dler and co-workers developed the kinetic model based on rough growth surfaces and
the kinetic restrictions resulting from pinning [38, 39]. Stepanow proposed another
kinetic model based on chain dynamics [40]. This model takes crystal thickening into
account (the crystal thickening was claimed to have a weak dependence on pressure)
while the other two above-mentioned kinetic models do not. In multistage models,
it is assumed that the crystal thickness is a result of reorganization processes taking
place during or after crystallization. Different processes have been suggested to be
responsible for reorganization, namely intracrystalline chain diffusion (ICD) related
to an αc relaxation (in some references, different terms can be found, which also refer
to ICD, e.g. chain sliding diffusion) [41–43], size-dependent stability of different crys-
tal phases [44] or a mesophase with lower order [45, 46]. However, all these models
do not distinguish between crystal-mobile polymers that have an αc-relaxation and
crystal-fixed polymers that display no αc-relaxation.

Our group recently proposed that this distinction is essential for the formation
of the semicrystalline morphology [47], and showed that the competition between
crystal growth and crystal reorganization determines the semicrystalline morphology.
Thanks to the quantitative access to the ICD via dedicated solid-state nuclear mag-
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netic resonance (NMR) techniques, we were able to quantify this relation and showed
that the ratio τ lc/τ c is the decisive parameter [48]. Here, τ lc is the layer crystallization
time, the time during which the crystal grows on average by one molecular layer, as
circled in red in Figure 1.1, which is the product of crystal layer thickness (assumed to
be around 5Å) and inverse of the growth rate of spherulite (µ) measured by polarized
optical microscope (cf. Chapter 3). ⟨τ c⟩ is the so-called jump correlation time mea-
sured by NMR (cf. Chapter 3). Starting from polymers with slow ICD (⟨τ lc⟩ ≪ ⟨τ c⟩),
over medium ICD (⟨τ lc⟩ ≈ ⟨τ c⟩) to fast ICD (⟨τ lc⟩ ≫ ⟨τ c⟩), the average crystalline
layer thickness (d c) increases. The different regimes also result in different features
in the semicrystalline morphology [47].

<τc>
dc

5Å

Figure 1.1: Schematic view of the lateral crystal growth of a semicrystalline polymer
with the relevant parameters: a growth rate of µ, the helical jump correlation time
⟨τ c⟩, the crystalline layer thickness d c, the blue columns referring to different crystal
layers with spacing of around 5Å. The red circle shows a molecular layer. The figure
is adapted from the reference [49].

Crystal-fixed polymers such as PCL (Polycaprolactone) with slow ICD form crys-
tals with a rather uniform crystal thickness, close to the thermodynamic stability
limit and a broader distribution for the amorphous-layer thickness. Crystal-mobile
polymers, on the other hand, such as PEO (Poly Ethyleneoxide) with fast ICD show a
well-defined thickness of the amorphous regions but broadly distributed crystal thick-
nesses. The morphological difference between the two types of polymers is schemat-
ically shown in Chapter 2. These features can be worked out by a quantitative
modeling of small-angle X-ray scattering (SAXS) data [47, 50]. However, the gener-
ality of our proposals is not yet cross-checked in a broad range of different polymers,
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though they work well for three model polymers (PEO, POM (Poly Oxymethylene)
and PCL).

Although ICD or αc-relaxation plays an essential role in the determination of
semicrystalline morphology of polymers and their mechanical properties, it is not yet
clear what are the molecular criteria for the presence of an αc-relaxation or if there
is any. Gedde suggested that polymers with small or no pendant groups, no layered
structure formed due to strong hydrogen bonds, with short repeating units and with
weak intermolecular forces are the polymers to have an αc-relaxation [51]. Hu and
Schmidt-Rohr [52] summarized the studies of αc-relaxation on a few polymers, where
it is found the generality of the suggestion by Gedde may not be complete, e.g. iPP
(isotactic Polypropylene) has ICD while sPP (syndiotactic Polypropylene) does not.
The suggestion by Gedde also indicates that aliphatic polyesters do not have ICD,
as their repeating unit can be large and there is the presence of layered crystalline
structures [53]. The layers formed because of the gathering of ester groups increase the
difficulty of αc-relaxation as these layers are normal to the c direction (fiber direction)
of the crystal unit cell (cf. Chapter 2). Pepels et al. showed that the stacking of the
ester groups in the crystal (layered crystalline structure) of aliphatic polyesters plays
a more important role than the size of the repeating unit in restricting ICD [54].
When the layered crystalline structures are disturbed, the aliphatic polyester can
regain αc-relaxation, even if the repeating unit is rather large (copolymer of PCL
and Polypentadecalactone (PPDL)). Song et al. proposed that the polymer chain
conformation in crystals has an influence on ICD [55]. It was concluded that helical
chain conformation favors ICD, while a planar chain conformation does not. The
conclusion is based on only one pair of polymers (PLLA (Poly-L-Lactic Acid) and
PCL).

My literature review of studies of semicrystalline morphology on common aliphatic
polyesters shows that only rather few studies of semicrystalline morphology of aliphatic
polyesters are reported (cf. Chapter 4), even though some aliphatic polyesters are al-
ready commercially available in many applications for more than 20 years. Similarly,
studies on ICD of aliphatic polyesters are also rather few (cf. Chapter 4).

Therefore, in this work, I aim to study ICD and semicrystalline morphology of a
series of chemically similar polyesters that were selected based on material availability,
in order to check the generality of our proposals (the dependence of morphological
features on ICD) in aliphatic polyesters, to understand whether there are molecular
criteria for the presence of ICD in aliphatic polyesters and to fill the missing studies of
semicrystalline morphology and ICD in the field of aliphatic polyesters. In addition,
the dependence of the mechanical modulus on semicrystalline morphology and ICD
of all investigated aliphatic polyesters will be clarified as well.

The semicrystalline morphology and ICD of a commercially available PBS (Poly
Butylene Succinate) were investigated to test if our proposals are valid for aliphatic
polyesters. The results are presented in Chapter 5. PBS does not have measurable
ICD and shows the typical semicrystalline morphology of crystal-fixed polymers. To
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expand the generality of our proposals further, a commercially available P3HB (Poly-
3-hydroxybutyrate) was studied, the result is reported in Chapter 6. It turns out
that P3HB is another crystal-mobile aliphatic polyester, besides PLLA. Chapter 7
summarizes the studies of the semicrystalline morphology and ICD of a series of
selected polyesters with similar chemical structures, which are different from each
other only by the number of CH2 and CH3 groups in the repeating unit. The results
show that all these aliphatic polyesters are crystal-fixed polymers except PLLA and
P3HB. The molecular criteria for the presence of αc-relaxation is proposed. All the
aliphatic polyesters studied in the work follow our proposals regarding semicrystalline
morphology and ICD without exception.



Chapter 2

Basic concepts

This chapter introduces basic concepts of polyesters and polymer crystallization rel-
evant to this study, which complements Chapter 1 and facilitates the reading for the
following chapters. Section 2.1 contains the explanation of aliphatic polyesters, their
synthesis and biodegradability. Polymer crystallization is introduced in Section 2.2.

2.1 Aliphatic polyesters

What is a polymer? The term polymer refers, by definition, to molecules formed
from a number of building blocks, called monomers, usually connected by covalent
bonds [56]. Polyesters are polymers containing ester groups (Figure 2.1) as major
structural components of the main chains of the macromolecules of which the poly-
mer is composed [57]. However, polyesters do not usually refer to polymers that
contain ester groups attached to the main chain either directly (e.g. cellulose triac-
etate, poly(vinyl acetate) or poly(methyl acrylate), or within short side-chains. In
this study, I focus only on aliphatic polyesters. It is a type of polyesters containing
no aromatic moieties (in the traditional sense, ’having a chemistry typified by ben-
zene’ according to IUPAC (International Union of Pure and Applied Chemistry)).

C=O O{ }

Figure 2.1: Schematic view of an ester group in a polymer chain

In this section, two sorts of common polymerizations used for producing aliphatic
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polyesters are introduced (Section 2.1.1) and the biodegradation reaction is briefly
mentioned (Section 2.1.2). The books by Scheiers [57] and Koltzenburg [56] and
Rieger [58] provide the basis of Section 2.1.

2.1.1 Synthesis

Polycondensation and Ring-Opening Polymerization (ROP) are the most common
synthesis routes for the aliphatic polyesters in this study (cf. Chapter 4). Below,
two polymerizations are briefly introduced to provide explanations of definition or
nomanclatures used in this study.

Polycondensation

Polycondensation is a step-growth polymerization. The polymerization results in new
covalent chemical bonds and the elimination of (mostly low-molecular) fragments. In
the synthesis of aliphatic polyesters, the polymerization relies on the esterification
reaction of diacids and diols or on the esterification of hydroxy-acids (esterification
generally refers to the formation of ester as reaction product from two reactants (e.g.
diol and diacids)) to form new covalent chemical bonds. During polymerization,
water molecules, as fragments, are eliminated. Therefore, the reaction requires that
the monomers possess diacid and diols groups or hydroxyl and acid groups are united
in the same monomer. The monomers containing diacid and diols are referred to as
AA and BB monomers. The corresponding polyesters synthesized based on AA and
BB monomers are called AA-BB polyesters. The monomers having both acid and
hydroxyl groups are referred as to A-B monomers. A-B monomers (lactone belongs
to this group as well) are the building blocks of A-B polyesters.

OH

OH

OH

OH

O

O

O

O

O

O

[ ]
n

Succinic acidButylene diol

PBS

Figure 2.2: Chemical structures of butylene diol (AA monomer), succinic acid (BB
monomer) and polybutylene succinate (AA-BB polyester). The blue box indicates an
elimination of a water molecule.

Figure 2.2 shows the chemical structure of a typical AA-BB polyester, Polybuty-
lene Succinate (PBS), and its AA and BB monomers. PBS is synthesized by a poly-
condensation reaction (cf. Chapter 4). Although the polymerization is relatively easy
to take place and each monomer has the same reactivity, it has limitations regarding
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the degree of polymerization. PBS with a high-molar mass can only be achieved at
very high conversions. Here is a brief introduction of molar mass used in the field of
polymers. Unlike small molecules, which can be characterized by a particular molar
mass, the molar mass or molecular weight of a polymer has a distribution. The molar
mass of a polymer can only be defined by an average value, which can be normally
calculated in several different ways. Mn and Mw represent two commonly used av-
erage values, they are number average molecular weight and mass average molecular
weight, as defined by the following equations

Mn =

∑
ni ·M i∑

ni

, Mw =

∑
ni ·M i

2∑
ni ·M i

(2.1)

where ni is the number or amount of the molecules that have a molar mass M i. The
ratio of Mw to Mn is called the Poly Dispersity Index (PDI), which is commonly
used to characterize the distribution width of the molar mass of a polymer sample.
The greater PDI is, the broader the distribution width of molar mass is, and vice
versa. The large-scale production of PBS is based on a slightly modified version of
polycondensation and with efficient techniques to remove the fragments. Another
limitation is that a polycondensation reaction normally results in large PDI. The
lowest PDI is 2 only from ideal polycondensation polymerization. Therefore, using
this polymerization to produce high-molecular-weight and low-PDI polyesters is still
challenging. This difficulty can be solved by ring-opening polymerization.

Ring-opening polymerization

As indicated by the name of the polymerization, a general feature of ROP is that
the monomers are rings of varying size. There is release of ring strain and enthalpy
after the rings are open during polymerization, which are the main driving forces for
this type of polymerization. In contrast to polycondensation, ROP is an addition
polymerization, which does not eliminate low-molecular fragments. In the synthesis
of aliphatic polyesters, the rings are normally lactones. As shown in Figure 2.3 (a),
valerolactone (the ring) is an ester formed by internal esterification of carboxylic acid
and hydroxyl groups in the same monomer. Therefore, lactone is an AB monomer.
Depending on a different mechanism, ROP can be further divided into different ring-
opening polymerization, e.g. free radical, cationic and anionic polymerization. For
details, please see the reference [56]. PVL can be polymerized by cationic and an-
ionic ROP. Figure 2.3 (b) shows schematically a cationic polymerization of PVL as
an example. Compared with polycondensation, ROP, regardless of which type, is
more complicated, as it has more steps during polymerization, e.g. initiation, chain
growth and chain transfer. However, it is much easier for ROP to produce high molar
mass polyesters. The living character of the ROP of lactones can lead to lower PDI
than polycondensation [58]. Please refer to Chapter 4 for detailed references of the
polymerization methods of each aliphatic polyester investigated in this study.
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Figure 2.3: (a) Chemical structures of valerolactone (VL) and polyvalerolactone
(PVL) (b) Cationic ring-opening polymerization of PVL, the mechanism is proposed
by Penczek [59] and Kricheldorf [60]. R+ is a cationic initiator.

2.1.2 Biodegradability of polyesters

Biodegradability is mentioned in Chapter 1, which is one of the most attractive prop-
erties of aliphatic polyesters. This work does not involve any studies of biodegrad-
ability. In this section, I briefly introduce some relevant definitions, an important
biodegradation reaction of polyesters and some evaluation methods for biodegrad-
ability, in order to complete a full picture of aliphatic polyesters. Please note that I
am aware of the complexity of this theme because of the broadness of definition and
large amount of test protocols for evaluating biodegradation. Clarifying the complex-
ity or avoiding ambiguity is out of the scope of this section.

Biodegradation and biodegradable polymers have the following definitions accord-
ing to IUPAC. Biodegradation refers to the breakdown of a substance catalyzed by
enzymes in vitro or in vivo. Biodegradable polymers are polymers susceptible to
degradation by biological activity with the degradation accompanied by a lowering of
their molar mass. Although degradations of polymer can be realized by many reac-
tions, e.g. thermal, chemical and mechanical reactions, only a few of these reactions
are mild enough to be seen in the natural environment, one of which is a hydrolysis
reaction. Hydrolysis reaction involves breaking covalent bonds by water molecules.

O

O

O

O

[ ]
n

PBS

OH

OH

O

O

HOH

Figure 2.4: A scheme of the hydrolysis reaction of PBS
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The hydrolysis reaction is actually the reverse reaction of the esterification reac-
tion, by which some polyesters are synthesized. Even if the polyesters are not synthe-
sized by a polycondensation reaction, the ester bonds on the backbone of polyesters
are mostly susceptible to hydrolysis. Figure 2.4 shows the scheme of a hydrolysis
reaction. Therefore, compared with other types of polymers, polyesters are relatively
more biodegradable (water or moisture is considered to be found almost everywhere).
Certainly, the rate of the hydrolysis reaction, or whether the reaction takes place or
not, is largely dependent on many factors, e.g. temperature, humidity, PH value or the
presence of a catalyst. Apart from the hydrolysis reaction, the other mild reactions
for biodegradation, which are more demanding in terms of the reaction conditions,
e.g. enzymatic degradation and photo degradation, can be found only in the specific
environments, e.g. aquatic environment, and composting condition, either separately
or simultaneously. As for detailed information, please see the reference [57].

The physical, chemical and biological surroundings among many environments
where plastics can end up vary quite a lot, different methods and protocols are thus
used to evaluate whether the sample is biodegradable or not. Some of the methods
are relative specific or in-house methods, to which there is normally no access. Some
of the methods are standard ones, which are referring to ASTM (American Society for
Testing and Materials), ISO (International Organization for Standardization), DIN
(German Institute for Standardization), etc., which are available from the correspond-
ing organizations. An ASTM method, ASTM D5988-18, is briefly described here as
an example. This ASTM tests the biodegradability of plastic in soil, which is prepared
in the lab or obtained from the natural environment according to procedure in the
norm. The amount of CO2 generated from the plastic sample during the test period
is monitored and compared with the reference material. Not only do all different en-
vironments have different test methods, landfilling (e.g. ASTM D5526-94D), aquatic
environment (e.g. ISO 18830:2016), compost (e.g. ASTM D6400-21), even in one en-
vironment, there are also different standards (ISO 19679:2020, ISO 14853:2016, etc.,
are all for the aquatic environment). It is rather likely that a biodegradable polyester
is biodegradable in a certain environment, but is a non-degradable polymer in others.
Therefore, the topic of biodegradability of polyesters, is supposed only to be discussed
under specific conditions or the environment.

2.2 Polymer crystallization

Polymer crystallization is a broad subject covered by many polymer physics text-
books, some of which provide the basis for this section [51, 61]. This section aims to
briefly introduce the basic concepts or the features of polymer crystallization relevant
to this study.
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2.2.1 Structure and morphology

Similar to low molar mass compounds, polymers, including aliphatic polyesters, are
able to form crystals, if they possess regular chemical structure. Below, I introduce
the characteristic structure and morphology of semicrystalline polymers, from Å to
µm. Polymers crystallize usually from their melt (similar to the crystallization con-
ditions in this study), in which polymer chains are random coils and inter-penetrate
each other to form entanglements. Chains are partially stretched to form crystalline
regions during crystallization. The description of a crystal structure of a polymer is
not different from that of a low molar mass compound. For instance, the description
contains the crystal system, crystal unit cell and lattice constant. It is also possi-
ble that some of the polymers, e.g. the aliphatic polyesters in this study, can form
more than one sort of crystal form, i.e. different unit cells, either at different crys-
tallization conditions or simultaneously at the same condition. This phenomenon is
called polymorphism. To avoid complexity due to polymorphism, if a sample shows
polymorphism in this study, the focus is only on one of the accessible forms in terms
of the characterization and the crystallization conditions. Figure 2.5 (a) presents, as
an example, the structure of the unit cell of the crystal of Polyethylene (PE). Two
chains with all-trans conformation pass through the unit cell. One unit cell includes
two C2H4 groups. The unit cell is described by three unit vectors: a, b and c. As
the unit cell is an orthorhombic crystal system (or symmetry), three unit vectors are
perpendicular to each other. All A-B polyesters in this study form an orthorhombic
crystal system (cf. Chapter 4). c is along chain direction, with a dimension of 2.55 Å.
a and b have a length of 7.42 and 4.95 Å, respectively. The dimensions of the crys-
talline region in a and b directions (crystal growth directions) are much larger than
that of the c direction, as the dimension of the c direction is governed by the stability
of the crystal (explained in Section 2.2.2). The unstretched chains form amorphous
regions which are stacked with crystalline regions alternatively, as shown in Figure
2.5 (b). This two-phase lamellar structure (it is called semicrystalline morphology in
the text below) can be described by three parameters: the average crystalline layer
thickness (d c), the average amorphous layer thickness (da) and the long period (LP)
which is the sum of da and d c. These three parameters have a dimension from a few
nm to a few tens of nm. It is also possible to calculate the degree of crystallinity (X c)
by these three parameters, as

Xc =
dc
LP

· 100% (2.2)

From Figure 2.5 (b), to clarify one confusion, the polyethylene chains are not necessar-
ily normal to the lamella stacks, or the tilting angle of the chains does not necessarily
need to be zero. For the detailed information, please refer to the reference [62].
From a nucleus, the lamellar structure grows with branching and splaying, and fills a
spherical space. The so-called spherulite is observed in the size of µm by an optical
microscope, as schematically shown in Figure 2.5 (c).
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Figure 2.5: (a) Unit cell of PE crystallites. The figure is adapted from the reference
[49]. (b) AFM phase image of the lamellar structure of a sample of linear low-density
polyethylene, the bright stripes represent crystalline layers with thickness of d c, the
dark stripes are amorphous layers with thickness of da. The red arrow is the direction
normal to lamellar stacks. The figure is adapted from the reference [50]. (c) Schematic
drawing of a fully developed spherulite. The figure is adapted from the reference [49].

2.2.2 Kinetics and thermodynamics

Crystallization kinetics

Unlike small molar mass compounds, the crystallization of polymers usually starts at
a temperature far below their melting temperatures (Tm) according to the regular
Differential Scanning Calorimeter (DSC) cooling scans (cf. Chapter 3), or more pre-
cisely, the equilibrium melting temperatures (T 0

m), which is explained below. As this
dynamic cooling experiment involves the process of nucleation and crystal growth,
it is easier to study crystallization kinetics at isothermal conditions. An optical mi-
croscope (cf. Chapter 3) can be used to separate the nucleation and crystal growth
process of a polymer at isothermal conditions. As nucleation is not the main focus of
this study, I do not expand on this topic here. Figure 2.6 shows the typical depen-
dence of the growth rates of spherulites for different polymers measured by optical
microscope on super cooling (difference between T 0

m and isothermal crystallization
temperature). The growth rate of three polymers demonstrates a “bell-shape” curve.
The rate has a maximum at a temperature between zero super cooling and glass
transition temperature. From the maximal rate temperature to zero super cooling,
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the rate decreases. From the maximal rate temperature to T g, the rate decreases as
well. The curve can be described by the following equation [63].

µ = µ0 · exp−
TA

T − TV

· exp− B

T 0
m − T

(2.3)

where µ is the growth rate of spherulite, TA is activation energy (1000-2000 K), B is
a polymer-dependent constant, T 0

m is equilibrium melting temperature, TV is Vogel
temperature, which is 30-70 K lower than T g. The first exponent function (contain-
ing TV) controls the left half of the bell shape, while the second exponent function
dominates the right half of the bell shape of the curve.

μ

Tm
0T -Tm

0T -Tm
0T -

Figure 2.6: Examples of temperature dependence of the radial growth rate of
spherulite of different polymers [61]. iPS is isotactic polystyrene, Nylon6 is poly(ϵ-
caprolactam), and TMPS is poly tetramethyl-p-silpheylene siloxane. T 0

m is the equi-
librium melting temperature, which is explained in the following section, µ is the
growth rate of a spherulite of a polymer. The figures are adapted from the refer-
ence [64].
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Crystallization thermodynamics
Crystallization kinetics relies on thermodynamics which provides the driving force
(the reduction of Gibbs free energy, G) for the crystallization process. A practical
example is to precisely determine the dependence of µ on temperature based on
Equation 2.3. This determination relies on a thermodynamic parameter: equilibrium
melting temperature (T 0

m), which means the melting temperature of an infinite thick
crystal. T 0

m is normally determined by the Gibbs-Thomson equation, as shown in
Equation 2.4

Tm = T 0
m(1 − 2σ

dcρc∆H0
m

) (2.4)

where σ is the specific surface (the fold surface normal to lamellar stacks) free en-

ergy (J m−2), ρc is the density of the crystalline region, ∆H
0

m is the specific melting
enthalpy of the crystal (J g−1). Below, I introduce the basics of thermodynamics rele-
vant to polymer crystallization through the explanation of the derivation of Equation
2.4.
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Figure 2.7: Schematic plot of the Gibbs free energy of polymer melt (Gl) and crystal
(Gc) vs. temperature, melting temperature (Tm) and equilibrium melting tempera-
ture (T 0

m)

Figure 2.7 shows the Gibbs free energy of polymer melt (Gl) and polymer crystal
(Gc) at different temperatures. The two curves cross over at the equilibrium melting
temperature, below which Gl > Gc, above which Gl < Gc. Polymer crystallization
takes place at the crystallization temperature (T c), which is below T 0

m . To simplify
the question, T c = Tm is assumed. The crystal thickening is excluded from the case.
Gibbs free energy at molten status (polymer melt) or crystalline phase (polymer
crystal) is defined as

Gl = H l − TmSl, Gc = Hc − TmSc (2.5)

where Gl,c, H l,c and Sl,c are the Gibbs free energy in the melt/crystalline phase,
enthalpy in the melt/crystalline phase, and entropy in the melt/crystalline phase,
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respectively, at temperature Tm. The change of Gibbs free energy ((∆G)) between
two phases at temperature (Tm) is the difference between equations in Equation 2.5.
For instance, the change of Gibbs free energy ((∆G)) from melt to crystalline state
is expressed as

∆G = ∆H − Tm∆S (2.6)

where ∆G is Gc − Gl, ∆H is Hc − H l and ∆S is Sc − Sl. When ∆G is negative,
polymer crystal is favored, as the energy is reduced. The greater the absolute value
of ∆G is (the lower the T c or Tm is), the larger the driving force is for the phase
transition. It is assumed that ∆H and ∆S are not temperature-dependent. During
an equilibrium phase transition, ∆G is zero, and the temperature is T 0

m.

∆G = 0 = ∆H − T 0
m∆S (2.7)

∆G can also be divided into a surface-independent change and a surface-dependent
change as

∆G = ∆g∗ ·M +
n∑

i=1

Aiσi, M = ρcAdc (2.8)

where ∆g∗ is the surface-independent specific free energy change with a unit of J g−1,
M is the mass of the substance experiencing phase change, A is the area of the fold
surface. If it is an equilibrium phase transition, Equation 2.9 is valid.

∆g∗ ·M =
n∑

i=1

Aiσi (2.9)

In comparison with the area of the fold surface, the surfaces parallel to lamellar stacks
are negligible as

n∑
i=1

Aiσi ≈ 2Aσ, (2.10)

∆g∗ can be described by the specific enthalpy change (∆H0
m) and the specific entropy

change (∆S0
m) at a temperature of Tm as

∆g∗ = ∆H0
m − Tm∆S0

m = ∆H0
m(1 − Tm∆S0

m

∆H0
m

) (2.11)

Similar to Equation 2.7, when it is an equilibrium phase transition, ∆g∗ is zero.

∆g∗ = ∆H0
m − T 0

m∆S0
m = 0, T 0

m =
∆H0

m

∆S0
m

(2.12)

Combining Equations 2.9, 2.10, 2.11, 2.12 leads to the Gibbs-Thomson equation. In
practice, a linear relationship is observed in the plot of 1

dc
versus Tm. T 0

m is obtained

by the extrapolation of Tm to 1
dc

equal to zero. The slope of the plot contains

the information of the fold surface energy (σ) and the enthalpy of melting (∆H0
m).
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Certainly, there are other ways to determine the equilibrium melting temperature of
a polymer crystal, e.g. Hoffmann-Weeks plot. For the detailed information, please
refer to the reference [65].

With the Gibbs-Thomson equation (Equation 2.4), it is not only possible to de-
termine T 0

m, but also to understand the dependence of d c on Tm, i.e. the higher the
melting temperature of a polymer crystal, the greater its d c is. When d c goes into
infinite, Tm is equal to T 0

m.
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2.2.3 Intracrystalline chain diffusion (ICD)

Does d c only depend on Tm? According to the reference [66] and some experimental
results in this study, some polymers increase their d c with crystallization time, but
some do not. This increase is assigned to the contribution of intracrystalline chain
diffusion (ICD), or αc-relaxation. This process is realized by the so-called helical
jump or monomer jump. Let’s take one polymer chain, which is partially in a crystal,
as an example. The monomer jump means that this chain can diffuse further into
the crystal along the chain in the crystal by one monomer at a temperature above
T g. Consequently, on the side of the crystallite, the chain length has increased by
one monomer, while the chain length in the amorphous regions has been decreased
by one monomer. When waiting long enough, more monomers can diffuse stepwisely
into crystalline regions according to the same pattern. Therefore, d c can also increase
over time. The monomer jump follows an Arrhenius temperature dependence and can
be described as

⟨τ c⟩ = τ 0 · exp
Ea

RT
(2.13)

where ⟨τ c⟩ is the average correlation time of a monomer jump at a temperature of T ,
which is the average residence time of a monomer in a given crystal raster position,
Ea is the activation energy, τ 0 is a fitting parameter. ⟨τ c⟩ can be measured by
NMR measurements (cf. Chapter 3). The presence of ICD can also be probed by
rheology measurements and dielectric measurements. The semicrystalline polymers
showing the presence of ICD or αc-relaxation are called crystal-mobile polymers,
and the semicrystalline polymers showing no measurable ICD are called crystal-fixed
polymers. A non-measurable ICD means that ⟨τ c⟩ is longer than 1 s. If ⟨τ c⟩ is
less than 1 s, it is measurable. The measurable and non-measurable ICD also lead
to different semicrystalline morphology and secondary crystallization behaviors, as
explained in the following sections.

2.2.4 Typical semicrystalline morphology of crystal-fixed and
crystal-mobile polymers

The recent study from our group [50] shows that it is possible to model the morphology
of semicrystalline polymers (average thickness of the crystalline layers (d c), average
thickness of the amorphous layers (da) and their distribution widths σc and σa) by a
series of Gaussian distributions. With the help of this model, Schulz and co-workers
[47,48] found that under isothermal crystallization conditions, crystal-fixed polymers
typically show greater da than d c, while crystal-mobile polymers show greater d c than
da, as schematically illustrated in Figure 2.8. d c of a crystal-fixed polymer does not
vary significantly within the polymer, as its d c is largely dependent on T c and there is
no additional ICD that enables further thickening of d c. However, there is a relatively
large distribution width in terms of da of the crystal-fixed polymer. For a crystal-
mobile polymer, its d c has a large distribution width in the polymer because of the
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presence of ICD. In contrast, da of a crystal-mobile polymer is quite uniform within
the polymer. Therefore, in the following text, the typical semicrystalline morphology
of crystal-fixed polymer refers to da and its distribution width being greater than
d c and its distribution width. The typical semicrystalline morphology of crystal-
mobile polymer refers to d c and its distribution width being greater than da and its
distribution width.

(a) (b)

Figure 2.8: (a) Schematic view of the typical semicrystalline morphology of a crystal-
fixed polymer, the red stripes are crystalline layers, the blue stripes are amorphous
layers (b) Schematic view of the typical semicrystalline morphology of a crystal-mobile
polymer, the red stripes are crystalline layers, the blue stripes are amorphous layers.

2.2.5 Insertion crystallization and surface crystallization

Polymers with and without measurable ICD show different types of secondary crystal-
lization. In this section, secondary crystallization refers to the crystallization during
cooling after isothermal crystallization finishes at the isothermal crystallization tem-
perature (T c).

Figure 2.9 (a) schematically shows a typical semicrystalline morphology of a
crystal-fixed polymer formed at a crystallization temperature that is higher than room
temperature (RT). When the polymer is further cooled down to RT, the semicrys-
talline morphology is illustrated in Figure 2.9 (b). Due to the decrease in temperature,
additional thin crystals were formed in the amorphous regions. This type of secondary
crystallization is called insertion crystallization, which is the main mechanism of sec-
ondary crystallization of a crystal-fixed polymer. The insertion crystallization can be
either observed by direct imaging techniques or the combination of SAXS and WAXS
measurement (cf. Chapter 3). In addition, it is also possible to observe this increase
in crystallinity by NMR measurement [67].

Figure 2.10 (a) schematically shows a typical semicrystalline morphology of a
crystal-mobile polymer formed at a crystallization temperature (T c) above room tem-
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(a) (b)

Figure 2.9: (a) Schematic view of typical semicrystalline morphology of crystal-fixed
polymer, the red stripes are crystalline layers, the blue stripes are amorphous layers
(b) Schematic view of insertion crystallization, which takes place based on the mor-
phology in (a), the red stripes are crystalline layers, the blue stripes are amorphous
layers. The figures are adapted from the reference [61].

perature. Figure 2.10 (b) shows the morphology when the polymer is cooled to RT
from T c. Different from the insertion crystallization, no or few thin crystals is formed
during cooling or at RT. Instead, the interface between d c and da shifts towards an
amorphous region by reducing da and increasing d c. As this type of secondary crys-
tallization takes place at the interface between the crystalline and amorphous regions,
or the surface of the crystalline regions, it is called surface crystallization. Typically,
the crystallinity due to surface crystallization does not increase so significantly as
insertion crystallization. The surface crystallization process can easily be observed
by NMR and SAXS measurements. For further detailed explanations of these two
modes of secondary crystallization, please refer to the reference [61].
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(a) (b)

Figure 2.10: (a) Schematic view of the typical semicrystalline morphology of a crystal-
mobile polymer, the red stripes are crystalline layers, the blue stripes are amorphous
layers (b) Schematic view of surface crystallization which takes place based on the
morphology in (a), the red stripes are crystalline layers, the blue stripes are amorphous
layers. The figures are adapted from the reference [61].
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Chapter 3

Experimental methods

This study involves experimental techniques of X-ray scattering (Small Angle X-ray
Scattering (SAXS) and Wide Angle X-ray Scattering (WAXS)), Nuclear Magnetic
Resonance (NMR), rheology, Differential Scanning Calorimeter (DSC) and Polarized
Optical Microscopy (POM). In this chapter, I provide basic knowledge of each experi-
mental technique, demonstrate procedures for their data analysis and show examples
of the data analysis to facilitate understanding of the results in the following sec-
tions. The detailed instrument parameters and sample treatments are found in the
experimental section in the corresponding chapters.

3.1 X-ray scattering

The X-ray scattering technique is used to study of the structure of polymers. SAXS
and WAXS are two scattering techniques covering different ranges of scattering angles
that measure different length scales of an investigated structure. A structure with a
dimension of 1-100 nm is within the measurement range of SAXS, while a structure
with a dimension of 1-10 Å is measured by WAXS. The two techniques are presented
below individually.

3.1.1 SAXS

SAXS is used to characterize the semicrystalline morphology of the aliphatic polyesters
in this study, which is on a length scale of 1 to 100 nm. The average crystalline (d c)
and amorphous (da) thickness layer, and their distribution width σc and σa, respec-
tively, of the samples are determined based on the data analysis of SAXS measure-
ments. In this section, I schematically introduce the SAXS setup, and then provide a
guide through the corresponding definitions, necessary derivations and calculations,
in order to explain the interpretation of the angular-dependent intensity. The second
part of this section covers the application of the basic knowledge of a semicrystalline
polymer system. The data analysis and their corresponding examples are demon-

29
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Figure 3.1: Schematic view of X-ray scattering instruments (a) SAXS, (b) WAXS

strated in the third part of this section. The books of Roe [68] and Strobl [61], and
the paper by Seidlitz and co-workers [50] provide the basis of section 3.1.1.

Setup and basic knowledge of SAXS

The sample in Figure 3.1 (a) is irradiated by X-ray (J 0, plane wave) with a wave-

length of λ0 and a wave vector k⃗0 (
∣∣∣k⃗0

∣∣∣ = 2π/λ0). There is a fixed distance between
the sample and the X-ray source, R1. R2 is a sample-to-detector distance, which is
calibrated before a measurement and not changed during the measurement. After
being irradiated, the scattered radiation (J, spherical wave) with a wavelength of λ

(elastic scattering λ0 ≈ λ) and a wave vector k⃗ is recorded as a function of angle (2θ)
by the detector. The aim of the SAXS experiment based on this layout is to measure
an angular-dependent intensity (I (2θ)) of the sample. The angular-dependent inten-
sity can be further analyzed to determine d c, da and their distribution width σc and
σa, respectively.

The scattering vector (s⃗) is the difference between the incident (k⃗0) and the

scattered (k⃗) wave vector.

s⃗ =
1

2π
(k⃗ − k⃗0) (3.1)

|s⃗| is, therefore, a function of θ based on Equation 3.2.

|s⃗| =
2sinθ

λ
(3.2)
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The angular-dependent flux J becomes thus a scattering-vector-dependent flux (J (s⃗)),
as described below

J(s⃗) = A(s⃗) · A(s⃗)∗ = |A(s⃗)|2 (3.3)

where A(s⃗) is the sum of the amplitudes of the scattered waves originating from all
scattering centers in the sample, A(s⃗)∗ is the complex conjugation of A(s⃗). Equation
3.4 shows A(s⃗) with continuous version of electron density distribution function (ρ(r⃗))

A(s⃗) = A0be

∫
V
ρ(r⃗)e−i2πs⃗·r⃗dr⃗ (3.4)

where A0 is the amplitude of the incident beam, be is the scattering length of an
electron. With the description of A(s⃗) by ρ(r⃗), Equation 3.3 can be replaced by
Equation 3.5.

J(s⃗) = A0
2be

2
∫
V

∫
V
ρ(r⃗1)e

−i2πs⃗·r⃗1ρ(r⃗2)e
i2πs⃗·r⃗2dr⃗1dr⃗2 (3.5)

Instead of using variables r⃗1 and r⃗2, a new variable is adopted r⃗.

r⃗ = r⃗1 − r⃗2 (3.6)

Equation 3.5 is, then, replaced by Equation 3.7.

J(s⃗) = A0
2be

2
∫
V

(
∫
V
ρ(r⃗2 + r⃗)ρ(r⃗2)dr⃗2)e

−i2πs⃗·r⃗dr⃗ (3.7)

The mathematical expression in the bracket of Equation 3.7 is an auto-correlation
function of ρ(r⃗2), as described by Equation 3.8.

g(r⃗) =
∫
V
ρ(r⃗2 + r⃗)ρ(r⃗2)dr⃗2 (3.8)

To simplify the further interpretation and analysis of intensity, I introduce δρ(r⃗2) to
replace the electron density distribution function ρ(r⃗2), according to Equation 3.9

δρ(r⃗2) = ρ(r⃗2) − ⟨ρ⟩ (3.9)

where ⟨ρ⟩ is the average density of the sample. Equation 3.8 is rewritten as

g(r⃗) =
∫
V
δρ(r⃗2 + r⃗)δρ(r⃗2)dr⃗2 + constant (3.10)

and becomes a sum of an auto-correlation function of δρ(r⃗2) and a constant (⟨ρ⟩2).
⟨ρ⟩2 gives only an unmeasurable contribution to forward scattering when s⃗ is 0. On
the other hand, angular-dependent intensity is defined as the ratio of J(s⃗) to J0,
based on the same definition from the book by Roe [68], which is also the differential
scattering cross-section.

I(s⃗) =
J(s⃗)

J0

(3.11)
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J0 is not dependent on θ or s⃗ but equal to |A0|2. To combine Equations 3.11, 3.10
and 3.7, the dependence of the intensity on the autocorrelation function (g(r⃗)) is
established as

I(s⃗) = be
2V

∫
V
g(r⃗)e−i2πs⃗·r⃗dr⃗ (3.12)

To remove the dependence of scattering intensity (I (s⃗)) on a sample volume and
the electron scattering length (be), the intensity in context below refers to absolute
scattering intensity (I abs), which is normalized by the volume of the sample and the
electron scattering length.

Iabs(s⃗) = I(s⃗)/(be
2V ) =

∫
V
g(r⃗)e−i2πs⃗·r⃗dr⃗ (3.13)

Application of SAXS on semicrystalline polymers

The morphology of an ideal semicrystalline polymer is approximated according to
Figure 3.2 (a). Along the z-direction, crystalline layers (in red) and amorphous layers
(in blue) stack on each other alternatively to form a two-phase system. There is a
sharp boundary between a crystalline layer and an amorphous layer, and a substantial
electron density difference (δρ(z)) between two neighboring layers. Perpendicular to
z-direction, the lateral dimension of each crystalline and amorphous layer is much
greater than d c and da.

Based on the above approximation, the scattering-vector-dependent intensity from
a SAXS measurement on a semicrytalline polymer sample (Equation 3.13) contains
only the information on the change of electron density along the z-direction within
the measurement length scale (1-100 nm). Therefore, it is reasonable to reduce the
3D correlation function (g(r⃗)) into a 1D correlation function (K(z) is denoted as the
1D correlation function in the following context). Then, Equation 3.13 is reduced as

Iabs(s) =
2

4πs2

∫ ∞

−∞
K(z)e−i2πszdz (3.14)

The correlation function can be calculated through Fourier transformation of 2πs2Iabs(s)
as described by Equation 3.15

K(z) =
∫ ∞

−∞
2πs2Iabs(s)e

i2πszds (3.15)

d c and da can be determined by K(z), the procedure was described in detail in the
reference [50]. Although this interpretation is frequently used for the determination
of the morphology of semicrystalline polymers, this approach is not the focus in
this study due to its disadvantages, which are comprehensively elaborated in the
reference [50] as well. The approach of this study is to interpret the second derivative
of K(z), K ′′(z), or the so-called Interface Distribution Function (IDF). On the one
hand, the IDF function of an ideal lamellar structure system can be described by
a series of delta functions at the interfaces between different phases, as shown in
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Figure 3.2 (c). These delta functions are broadened in a semicrystalline polymer that
deviates from the ideal one. K ′′(z) can then be described as

K ′′(z) =
Oac∆ρ

2
(ha(z) + hc(z) − 2hac(z) + haca(z) + hacc(z) − ...) (3.16)

where Oac is the specific inner surface per unit volume of the interfaces between
crystalline and amorphous regions, which is inversely proportional to the sum of
da and d c, ∆ρ is the electron density difference between two phases, ha,c(z) is the
distribution of d c and da, which is described by a normal distribution function as

ha,c(z) =
1√

2πσa,c

e
−

(z−da,c)2

2σa,c2 (3.17)

where σa,c is the distribution width, d c and da are the peak positions.
On the other hand, the IDF function can also be calculated directly from Iabs(s)

as
K ′′(z) = −8π3

∫ ∞

−∞
s4Iabs(s)e

i2πszds (3.18)

However, the measured Iabs contains extra contributions from the scattering signal of
a two-phase system (Ps−4), thermal density fluctuations within the amorphous phase
(c2), a contribution from the amorphous halo (c1s

2). P , Porod parameter, is related
to the specific inner surface Oac and the electron density difference ∆ρ as

P =
Oac∆ρ2

8π3
(3.19)

c1 and c2 are constants. P is used to determine when the crystallization process is
changed from primary crystallization to secondary crystallization. This information
should be subtracted from Iabs before the calculation of K ′′(z) according to Equation
3.20.

K ′′(z) = −8π3
∫ ∞

−∞
(Iabs − Ps−4 − c1s

2 − c2)s
4ei2πszds (3.20)

As the description of K ′′(z) for semicrystalline polymer system is found from both
experimental and theoretical sides, K ′′(z) becomes the bridge between theoretical
modeling and experimental measurement. In the next section, I will describe the
practical procedure of using a theoretical model to interpret experimental results to
determine d c, da and their distribution width σc and σa, respectively.
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(a) Ideal lamellar stack with the z-direction
along the lamellar normal. The crystalline
layer is in red with a thickness of dc, the amor-
phous layer is in blue with a thickness of da,
long period is LP=da+dc.
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(b) Electron density difference along the z-
direction according to (a)

z  ( n m )

K''
(z)

(c) The interface distribution function (IDF
or K”(z)) according to (a)

Figure 3.2: Schematic view of ideal lamellar stacks in semicrystalline polymer system,
its electron density difference in different phases and its IDF
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SAXS data analysis and examples

According to Equation 3.20, K ′′(z) can be calculated from experimental data through
Fourier transformation. Practically, the cosine transform is used to realize the calcu-
lation as

K ′′(z) = −16π3
∫ ∞

0
(Iabs − Ps−4 − c1s

2 − c2)s
4 cos(2πsz)ds (3.21)

Due to large noise at large scattering vectors, the experimental data is multiplied by
a window function to suppress noise

w(s) = e−4πσ2s2 (3.22)

where σ is the width of the window function. Depending on the selection of σ, different
levels of noise suppression is achieved. Of course, this window function is also taken
into account on the left side of Equation 3.20 in the form of convolution of K ′′(z) and
w(z).

It is also possible to perform inverse transformation from K ′′(z) back to experi-
mental data,

2
∫ ∞

0

(K ′′(z) ∗ w(z))

8π3
cos(2πz)dz = (Iabs − Ps−4 − c1s

2 − c2)s
4w(s) (3.23)

This property is critical for the data analysis, as no analytical solution for IDF (K ′′(z))
is found find, but the analytical solution for its Fourier transformation [50]. There-
fore, according to the solution containing fitting parameters d c, da, σc and σa, a fit
is performed on the experimental data ((Iabs − Ps−4 − c1s

2 − c2)s
4w(s)). Then, it

is checked if the fitting is reasonable by applying transformation of the fit and ex-
perimental data according to Equation 3.21 into real space. The detailed process is
elaborated by the two examples in Figure 3.3.

Figure 3.3 (a) shows the measured Iabs and Porod fit (Ps−4 + c1s
2 + c2) based on

PBS, which crystallized at T c=100 ◦C. P , Porod parameter, was determined under
the condition that Equation 3.21 is equal to zero when z is zero. The scattering signal
from a two-phase system at large s gives a constant contribution (P ) in reciprocal
space, which shows up as an δ function at z = 0 in real space, as shown in Figure 3.2
(c). Therefore, Equation 3.21 containing no contribution of P should be zero when z
is zero. c1 and c2 were determined based on the shape of Iabs at large s. Figure 3.3 (c)
shows the difference between Iabs and the Porod fit (Iabs−Ps−4−c1s

2−c2)s
4w(s) and

the fit in red based on the solution [50]. With this fit, d c, da, and their distribution
width σc and σa are determined. The assignment of da and d c is usually based on
the crystallinity measured by DSC, NMR, or other techniques. In the case of PBS,
the assignment of da and d c was based on the crystallinity measured by 1 NMR-FID.
As the crystallinity of PBS at T c=100 ◦C is around 40%, d c was assigned to the peak
at low z value. The cosine transform of both the fit and the difference in Figure
3.3 (c) were illustrated in Figure 3.3 (e). In addition, the decomposition of K ′′(z),



36 CHAPTER 3. EXPERIMENTAL METHODS

based on the transformation of the fit, into crystalline contribution (hc), amorphous
contribution (ha) and long period contribution (hac) are presented as dashed lines in
Figure 3.3 (e). Figure 3.3 (b), (d) and (f) follow the same structure based on a P3HB
sample. P3HB normally has higher than 50% crystallinity, da, d c assignment was
different from the assignment of PBS.

In this study, d c, da and their distribution width σc and σa are compared with
the typical morphology of crystal-fixed and crystal-mobile polymers (cf. Chapter 2),
in order to find out to which category of polymer a sample belongs.
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Figure 3.3: (a) Iabs and Porod fit of PBS, (b) Iabs and Porod fit of P3HB (poly-3-
hydroxybutyrate), (c) (-Iabs + Ps−4 + c1s

2 + c2)s
4w(s) of PBS and the fit according

to the solution in the reference [50], (d) (-Iabs +Ps−4 + c1s
2 + c2)s

4w(s) of P3HB and
the fit according to the solution in the reference [50], (e) The cosine transformation
of the fit and (-Iabs + Ps−4 + c1s

2 + c2)s
4w(s) in (c) and its decomposition in three

contributions (dashed lines) hc, ha and 2hac, (f) The cosine transformation of the fit
and (-Iabs+Ps−4+c1s

2+c2)s
4w(s) in (d) and its decomposition in three contributions

(dashed lines) hc, ha and 2hac
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3.1.2 WAXS

WAXS is widely used to determine the crystallinity of semicrystalline polymers, it is,
however, rather difficult to analyze WAXS data precisely [69]. Therefore, in this study,
WAXS is used only to observe a relative change in the crystallinity of the samples,
instead of quantitatively determining the absolute crystallinity of the samples. In
this section, I schematically introduce the setup and the procedure for observing the
change in the crystallinty by WAXS.
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Figure 3.4: (a) Bragg reflection (b) WAXS measurements on PBS (Polybutylene
succinate) at different temperatures

The setup of WAXS is schematically shown in Figure 3.1 (b). Similar to SAXS

setup, the sample is irradiated by X-ray with a wavelength of λ0 and a wave vector k⃗0,
the scattered radiation with a wavelength of λ (elastic scattering λ0 ≈ λ) and a wave

vector k⃗ is recorded as a function of angle by the detector. In comparison with the
setup of SAXS, the sample-to-detector distance (R2) of the setup of WAXS is much
smaller, which enables WAXS to determine up to a rather wide angle. However, the
resolution at a small scattering angle is very poor.

The same as other regular crystals, semicrystalline polymer has also lattice planes
in crystalline region with separation of d between two adjacent planes (cf. Chapter 2).
According to Bragg’s law (Equation 3.24), Bragg reflection takes place when 2 sin(θ)d
is equal to wavelength or integral multiple of wavelength, as schematically shown in
Figure 3.4 (a).

2 sin(θ)d = nλ (3.24)

The examples of the measurement results are shown in Figure 3.4 (b). The red curve
in Figure 3.4 (b), obtained from semicrystalline PBS at T c= 100 ◦C, indicates that the
Bragg reflection occurs under a few angles. WAXS signal is not only contributed by
the crystalline part, but also the amorphous part (amorphous halo), as shown by the
blue curve in Figure 3.4 (b), which was the measurement based on a fully molten PBS.
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A method of determination of crystallinty was proposed by Ruland [69]. However, it
is rather difficult to perform analysis due to tedious procedures. Empirically, X c is
determined by the equation below

Xc =
Ac

Atotal

· 100% (3.25)

where Ac is the scattering peak area due to Bragg reflection, Atotal is the total area
below the scattering curve. However, it is uncertain over which range of 2θ Atotal is
determined. Although this empirical method gives limited precision of crystallinity
values, it might be practical for observation of a relative change of crystallinity. Let’s
compare the curves in red and black in Figure 3.4 (b), it is qualitatively clear that
the intensity of the Bragg reflections increases at the expense of the amorphous back-
ground when the temperature decreases, which indicates an increase in crystallinity.
In this study, WAXS is always combined with other experimental techniques (SAXS,
NMR and DSC) to confirm the observation of the crystallinity change.
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Figure 3.5: Schematic view of NMR instrument

3.2 Nuclear magnetic resonance

Solid-state NMR is suitable for characterizing molecular structure and dynamics of
semicrystalline polymers. Various NMR techniques are used to measure slow (⟨τ c⟩ up
to 1 s) and fast (⟨τ c⟩ < 200µs) intracrystalline chain diffusion, and the crystallinity
of the aliphatic polyesters. In this study, the measurements and corresponding data
analyses were carried out by Afiq Anuar in cooperation with the solid-state NMR
group headed by Prof. Dr. Kay Saalwächter. The aim of this section is to provide the
fundamental principles of NMR, in order to enable the basic interpretation of NMR
data in the following chapters. Before presenting each NMR technique involved in
this study, I will start with a basic understanding of NMR techniques. The book by
Keeler [70] provides the basic knowledge of NMR.

NMR spectroscopy is based on a spin property of nuclei, which is characterized by
a nuclear spin quantum number, I. Nuclei with a non-zero spin quantum number are
NMR-active and detectable by NMR. The samples in this study, polyesters, consist of
carbon (C), hydrogen (H) and oxygen (O) nuclei. 1H is NMR-active and accounts for
nearly 100% natural abundance. In contrast, 12C and 16O are not NMR-active, while
their isotopes 13C and 17O are NMR-active. However, The low natural abundance
of 13C requires a significant number of scans to achieve an acceptable signal-to-noise
ratio. 17O, of which natural abundance is less than 0.1%, is not the focus of this work.

When NMR-active nuclei are placed in an external magnetic field B0, as shown
in Figure 3.5, the nuclei show different energy levels. Let us take one 1H as a specific
and simple example. This proton has two energy levels, +1/2v0 and −1/2v0 under
the magnetic field of B0 in the z-direction. v0 is Larmor frequency in units of hertz
(Hz) and has a dependence on B0 as

v0 =
1

2π
γB0 (3.26)
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where γ is a gyromagnetic ratio. A higher B0 results in a larger energy difference or
frequency difference. The energy difference between these two levels (υ0) is reflected
by a peak at a frequency of υ0 in the NMR spectra. Instead of using frequency to
describe this energy difference or the peak position in the NMR spectra, chemical shift
relative to an agreed reference compound (TMS, tetramethylsilane) is conventionally
used to quote the NMR frequency as exemplary expressed below

δppm =
υ0 − υTMS

υTMS

· 106 (3.27)

where υTMS is the Larmor frequency of proton of TMS, the unit of chemical shift is
in part per million or ppm. The implementation of chemical shift eases the commu-
nication of NMR data among different research groups because the dependence of υ
on the external magnetic field is removed and the value of δppm is rather practical
than υ which often contains 9 different digits with a unit of Hz. The situation is
more complex when there are more than one spin. Energy levels vary due to the
interactions between different spins (spin-spin coupling), of which the details can be
found in reference [70].

When a polyester sample, which contains many nuclei, is placed in the magnetic
field of B0, each individual nucleus behaves like a small magnetic moment. When
all the small magnetic moments are added up together, a net magnetic field along
the direction of B0 is formed, which is called bulk magnetization, as shown in Figure
3.5. The bulk magnetization can be perturbed by applying a radio-frequency (RF)
pulse (B1) in the x-y plane, which tilts the magnetization away from the z-axis. It
can relax back to its original status after the pulse. There are two types of relaxation
process that are critical in this work. T 2 relaxation (transverse relaxation) describes
the process by which the bulk magnetization in the x-y plane decays back to zero after
the RF pulse. This decay is due to the loss of phase coherence among the spins as a
result of spin-spin interactions. These interactions cause individual spins to precess
at slightly different frequencies, leading to a dephasing effect and a reduction in the
overall signal. The other relaxation is T 1-relaxation (longitudinal relaxation), which
describes the process by which the bulk magnetization returns to its equilibrium state
along the z-axis after being perturbed by an RF pulse.

This study involves several NMR techniques, governed by T 1- and T 2-relaxation
processes, to probe different aspects of the polymer samples, which is explained be-
low. For an in-depth methodological description of all methods, please refer to the
corresponding references [67,71–76] and Chapter 5, 6 and 7.
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3.2.1 Low field 1H NMR-free induction decay

A 90◦ pulse is applied to the sample in the magnetic field of B0. Then, FID signals (x-
y plane) are recorded over time by a coil directly after the 90◦ pulse. The FID signals
contain the information of fast segmental dynamics of protons in the amorphous phase
and the strong 1H–1H dipole–dipole couplings in the crystalline phase. The strong
dipole-dipole coupling results in a fast decay of the FID signal, while fast segmental
dynamics lead to a slow decay of the signal. In addition, the FID signals consist of
another intermediate decay, which is assigned to the intermediate phase. The entire
FID signals are empirically described as

IFID(t) = f c · e−(a2t2/2) · sin (b · t)
b · t

+ f i · e−(t/T ∗
2,i)

υi
+ f a · e−(t/T ∗

2,a)
υa

(3.28)

where t is the acquisition time, f c,i,a is the amplitude of the corresponding decaying
component, T2,i,

∗ υa,i are the shape parameters of the more mobile components, while
a and b are the shape parameters of the crystalline part. To probe the presence of
fast ICD, the crystalline contribution to the FID is isolated from IFID(t). When the
crystalline contributions at different temperatures show a difference in terms of the
shape, there is a presence of fast ICD. When all crystalline contributions overlap
with each other, there is no presence of fast ICD in the time scale of µs. The mass
crystallinity is calculated based on

Xc =
f c

f c + f i + f a

· 100% (3.29)

In practice, due to the dead time (switching from applying pulse to recording),
some of the signals are missing at the very beginning. To reproduce the missing sig-
nals, an Magic-Sandwich Echo (MSE) is applied [72]. Although the missing signals
are reproduced by MSE, the intensity of the entire signal is slightly reduced. There-
fore, the shape parameters are taken from the fitting of MSE-FIDs, while component
amplitudes are taken from the measured FID. Figure 3.6 shows an example of the
FID curve in green obtained from PBS (poly butylene succinate) during isothermal
crystallization at 100 ◦C. The missing signals at the beginning of the FID curve were
reproduced by MSE in black. The MSE curve was fitted by Equation 3.28 to deter-
mine all the shape parameters (a, b, T ∗

2,i and υa,i). Then, the FID curve was fitted
by Equation 3.28 with all the fixed shape parameters from MSE fitting to determine
f c,i,a. With all the determined parameters of FID, the decomposition of three contri-
butions are shown in Figure 3.6, they are in blue, red and dark red. The crystalline
contribution (in blue) is used for further investigation of fast ICD. If no fast ICD in
the sample is found, NMR high field measurements are carried out to probe whether
there is a presence of slow ICD or not, as described in the sections below. The mass
crystallinity of this PBS sample was determined by Equation 3.29 with f c,i,a obtained
from the FID.
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3.2.2 High field 13C NMR

High field 13C NMR MAS Spectroscopy

All high-field 13C NMR techniques below were performed under the Magic Angle
Spinning (MAS) condition, where dipole coupling interaction is averaged. The 13C
spectroscopy technique was used to reveal all possible chemical shifts of 13C in the
samples in this study under MAS. With 13C direct polarization (DP) and 13C cross-
polarization (CP), which relies on 1H-13C dipolar polarization transfer, it is possible
to differentiate 13C resonance in the crystalline region from 13C resonance in the
amorphous region of the semicrystalline samples from 13C spectra. Therefore, 13C
spectroscopy with different polarization methods lays a foundation for further in-
vestigation of the specific crystalline 13C peaks in the sample by two other NMR
techniques below.

High field 13C NMR CODEX

13C Centerband-Only Detection of Exchange (CODEX) NMR measurements reveal
slow motions of the different chemical groups, which rely on the rotation of the Chem-
ical Shift Anisotropy (CSA) tensors. In this study, CODEX was used to measure the
average correlation time ⟨τ c⟩ describing ICD. The CSA information is normally lost
under MAS conditions, but can be selectively reintroduced (recoupled) by different
pulses or a combination of a series of pulses before and after a mixing time (τmix,
waiting time). The intensity of the corresponding crystalline 13C peak based on 13C
spectroscopy measurement is recorded over mixing time (τmix). Molecular rotations
during τmix lead to a decay of the intensity of the corresponding crystalline peak.
⟨τ c⟩ is determined according to a fit of the decay of the peak intensity in the refer-
ence [75]. The detailed information of the fit is described in the reference [75]. If no
reorientation of the CSA tensor occurs during τmix, the intensity of the corresponding
peak remains constant, which indicates no presence of ICD up to a timescale of 1 s.

High field 13C T 1-relaxation and diffusive exchange

For some of the polyesters in this study, CODEX measurement is unsuitable to mea-
sure τ c. It is because the polyesters possess all-trans rather than helical chain con-
formation, where the translation by one monomer unit results in all atoms crystal-
lographically equivalent positions. In those cases, 13C T 1-relaxation and diffusive
exchange were used to characterize diffusive long-range ICD of the samples with
which CODEX can not deal. An intense crystalline peak based on the 13C spectra
is chosen to probe its T 1-relaxation. The information contained in the decay of the
T 1-relaxation process, the suitable pulse sequence and the interpretation of ICD from
the decay were described in detail in the references [71, 77].
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3.3 Rheology

Rheology is a versatile technique, which can be used to characterize visco-elastic
properties, dynamic mechanical properties, relaxation process and etc., of polymers.
In this study, dynamic shear modulus was measured by a rotational rheometer at
different temperatures (below Tm). Whether there is a relaxation process in the
crystalline regions (αc) of the samples was probed, by constructing a master curve
based on the Time Temperature Superposition (TTS) principle. In this section, I
briefly introduce the frequency-dependent modulus of polymer and the TTS principle
with an example, in order to explain qualitatively how the dynamic shear modulus
of the samples is measured and how the presence of αc relaxation in the samples
is observed. The books by Rubinstein [78] and Strobl [61] provide the necessary
references for this section.
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Figure 3.7: (a) Dynamic stress-strain curves, δ is the phase angle (b) The mas-
ter curves of G’ and G” of HDPE (Total Lumicene® mPE M5510 EP, Mn=
27 700 g mol−1, PDI = 2.8), reference temperature is 80 ◦C. Due to the small change
of crystallinity with temperature, unsubstantial shift factors along the y axis were
involved. The red hollow dots are the data measured at different temperatures but
at the same frequency range (0.1-100 rad s−1). The black dots are the shifted data,
for the construction of the master curves.

Shear modulus (G) is known as the ratio of shear stress (σ) to shear strain (γ) in
the static mode

G =
σ

γ
(3.30)

In the dynamic mode, an applied strain is described as

γ(t) = γ0 sin(ωt) (3.31)

where ω is the shear frequency, t is time and γ0 is the amplitude of the strain, which
is mathematically shown in Figure 3.7. For the linear response (rather small strain
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0.1%) of a viscoelastic material, e.g. the polymer samples in this study, the stress
oscillates at the same frequency as the applied strain, and contains additionally a
phase angle expressed as

σ(t) = σ0 sin(ωt + δ) = σ0 cos(δ) sin(ωt) + σ0 sin(δ) cos(ωt) (3.32)

where δ is the phase angle, σ0 is the amplitude of stress. It is possible to decompose
the stress into two orthogonal functions that oscillate with the same frequency, one
in-phase with the strain and the other out-of-phase with the strain by π

2
as

σ(t) = γ0G
′(ω) sin(ωt) + γ0G

′′(ω) cos(ωt) (3.33)

where G′(ω) is in-phase frequency-dependent shear modulus, G′′ is out-of-phase frequency-
dependent shear modulus. When Equations 3.33 and 3.32 are combined, G′ and G′′

have then the expression below.

G′(ω) =
σ0

γ0

cos δ, G′′(ω) =
σ0

γ0

sin δ (3.34)

G′ is defined as storage modulus and G′′ is defined as loss modulus. The ratio of G′′

to G′ is the tangent of the phase angle, loss tangent.

tan δ =
G′′(ω)

G′(ω)
(3.35)

As G′(ω), G′′(ω) and tan δ are all frequency-dependent, in the following chapters,
dynamic shear modulus (mainly G′) are always compared among different samples
under the same frequency.

The solid dots in Figure 3.7 (b) show typical frequency-dependent G′(ω) and
G′′(ω) of HDPE over a broad range of frequency at 80 ◦C (below Tm). G′(ω) de-
creases with frequency, and G′′(ω) shows a broad peak, which indicates the presence
of a relaxation process (αc-relaxation, in this case). The curves are so-called master
curves, which are constructed by shifting the corresponding hollow dots in red based
on the Time Temperature Superposition (TTS) principle. TTS is a concept that a
certain mechanical property of polymer (e.g. dynamical shear modulus) at one tem-
perature (T ) and frequency (ω) is a function of the mechanical property at reference
temperature (T r) and frequency (aTω). This concept is, for instance, described as

G(T, ω) = G(T r, aTω) (3.36)

where aT is the shift factor. For a logarithmic frequency scale, Equation 3.36 is
replaced by

G(T, logω) = G(T r, logω + log aT) (3.37)

The shift factor is following Arrhenius dependence as

log aT = logA− Ea

RT
· log e (3.38)
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where A is the Arrhenius factor, Ea is the activation energy for αc-relaxation process,
R is the ideal gas constant and T is temperature. With the implementation of the TTS
concept, a regular commercial rheometer, which can only reasonably probe dynamic
modulus of a sample at angular frequency range from 0.1 to 100 rad s−1, is able to
measure material properties in a broader range of frequency. TTS also enables us to
screen the presence of αc-relaxation of the samples in this study based on the criteria
of observing a peak from a master curve of G′′.
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3.4 Differential scanning calorimetry

DSC is one of the most widely used thermal analysis techniques in the field of polymer
science. In this study, the technique was used to determine the melting temperature
(Tm) and melting enthalpy (∆H) of each aliphatic polyester. As Tm and ∆H of
all samples were measured by a power compensation DSC equipment, the following
introduction of DSC instrument and working principle of DSC focus only on this type
of equipment. Another popular type of DSC equipment (heat flux) is not discussed in
this work. The book chapter of Mueller [79] provides the main basis for this section.

s r
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p a n

H e a t i n g  u n i t

Figure 3.8: Schematic view of a power compensation DSC

Figure 3.8 shows a schematic view of power compensation DSC equipment. The
instrument has two separate adiabatic chambers where the sample and the reference
are placed within aluminum pans. For this study, the reference is air (an empty
aluminum pan). The temperatures of the two pans change linearly with time and are
always kept the same as each other, which is realized by the independent power output
of two heating units in the chambers. The difference in the power output (power
compensation) is recorded over time or temperature (if a heating rate is constant),
which is proportional to heat flow (dQ

dt
). The dependence of dQ

dt
on cp (the specific

heat capacity) is described by Equation 3.39

cpmβ =
dQ

dt
(3.39)

where m is mass of a sample, β is heating rate of a sample (dT
dt

). Therefore, the

recorded heat flow (dQ
dt

) at different temperatures can be converted into cp. Before
the conversion, the heat flow to the pan is subtracted from the heat flow to the pan
and sample, by running a baseline measurement with only empty pan.

The temperature at the maximal melting peak is selected as Tm. If the heating
rate (β) is constant, Equation 3.39 can be rewritten as

cpm =
dQ

βdt
=

dQ

dT
(3.40)
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where T is the temperature of a sample. Therefore, the area under the peak is the
corresponding enthalpy of melting, ∆H, which is often used to determine crystallinity
of semicrystalline polymer by the following equation

Xc =
∆H

∆Hm,100

· 100% (3.41)

where ∆Hm,100 is the literature value of extrapolated enthalpy of melting of a hypo-
thetical 100% crystalline sample, or called enthalpy of melting. In the study below,
∆H is used together with other techniques (SAXS and NMR-FID) to determine
∆Hm,100 of each sample.
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3.5 Polarized light optical microscopy

An optical microscope is commonly used to observe the information about the size,
shape and relative arrangement of visible features of a sample. The characteriza-
tion range of an optical microscope is from around 1µm to several hundred µm. A
polarized light optical microscope (POM) contains all the components of a conven-
tional optical microscope and, in addition, two polarization filters, which are placed
above and below a sample. In this study, POM is used to measure the growth rate
of spherulite of polyesters, which has a dimension of a few µm. Below, a brief intro-
duction to POM system and the procedure to measure the growth rate of spherulite
are provided. Regarding other applications of POM in the field of polymer and basic
knowledge of POM, please refer to the book by Sawyer [80], which also provides the
basis for this section.

(a)
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Figure 3.9: (a) POM pictures of a spherulite of PLLA at different time during the
isothermal crystallization at 140 ◦C, analyzer has a 90◦ rotation with respect to po-
larizer. (b) The radius of the spherulite of PLLA (in (a)) vs. time measured at T c=
140 ◦C. The dashed line is the linear fit.

An unpolarized light, generated from a light source, is polarized linearly after it
goes through the first polarization filter (polarizer), which is placed between the light
source and a sample holder. The light continues the path and reaches the second
polarization filter (analyzer), which is placed between the sample holder and eyepiece
and has a plane of polarization perpendicular to the polarizer. If there is no sample
in the sample holder, or the sample is isotropic, no light can pass further through the
analyzer to reach the objective and finally be observed by an eyepiece. If a polymer
spherulite forms (anisotropic) from polymer melt (isotropic), a so-called maltese cross
is observed, as shown in Figure 3.9 (a). Therefore, it is possible to record the growing
process of a spherulite from polymer melt at different temperatures by using a camera.
Figure 3.9 (b) is an example of the determination of a growth rate of spherulite of
PLLA at 140 ◦C temperature. The radius of the spherulite grows linearly with time.
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The slope is the growth rate of the spherulite. The growth rate is compared with the
timescale of ICD to determine whether a polyester is a crystal-fixed or crystal-mobile
polymer.
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Chapter 4

Sample system and state of the art

The aliphatic polyesters involved in this study were obtained from the market or the
collaborating labs. The polyesters range from the simplest polyester (PGA) to the
PE-like polyester (PPDL), which possess different numbers of CH2 groups (N cc) in
the monomer units along the backbone of the polymer. The polyesters with the CH3

group as a side chain are also included in the study. In addition, a successful and
commercially available AA-BB polyester is investigated. The approach of the study
is to test whether the proposals based on our previous studies [47,48] are valid in the
aliphatic polyesters by checking the semicrystalline morphology and intracrystalline
chain diffusion (ICD) of all the polyesters. The polyesters with different N cc are
suitable for investigating the influence of N cc on ICD and semicrystalline morphology.
The polyesters with and without CH3 group are suitable for the investigation of the
impact of the CH3 group as a side chain on ICD and semicrystalline morphology.
This chapter provides the general introduction, crystalline structure, crystallization
kinetics and thermodynamics, and an overview of semicrystalline morphology and
ICD of each aliphatic polyester.

4.1 A-B aliphatic polyesters

4.1.1 Poly Glycolic Acid (PGA)

Introduction

PGA is the simplest polyester, the chemical structure of which is illustrated in Figure
4.1 (a). The polymer was first mentioned in 1932 [81]. Nowadays, PGA is com-
mercially available, e.g. from Kureha Chemical Industry Co. Ltd., and synthesized
by ring-opening polymerization method for large-scale production [82]. The synthe-
sized polymer does not only have good mechanical properties (tensile modulus of
7.4 GPa and tensile strength of 117 MPa according to ISO 527 standard based on
Kuredux® from Kureha), but it also withstands high temperatures (T g of 45 ◦C and
Tm of 222 ◦C) [83, 84]. Apart from the good mechanical and thermal properties,
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Figure 4.1: Chemical structure of all polyesters investigated in this study. (a)
Poly Glycolic Acid (PGA), (b) Poly-4-hydroxybutyrate (P4HB), (c) Polyvalerolac-
tone (PVL), (d) Poly ω-pentadecalactone (PPDL), (e) Poly-L-Lactide Acid (PLLA),
(f) Poly-3-hydroxybutyrate (P3HB), (g) Polybutylene Succinate (PBS)
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PGA is degradable, which is a desired property to tackle waste management of plas-
tic waste. PGA is susceptible to hydrolytic degradation and is turned into glycolic
acid in the natural environment [15, 85]. This polymer can also be degraded in vitro
and in vivo [86]. It is degraded into small molecules, e.g. glycine, which is either
excreted in the urine or converted into carbon dioxide and water [87]. Therefore,
PGA is already used for many medical applications, e.g. sutures, scaffolding matrices
for tissue regeneration and drug delivery [83]. The polymer is also used in certain
packaging applications as a barrier material to lower gas permeability due to its high
crystallinity [82], which partially reduces the environmental issue when the material
is accidentally discarded into the natural environment. However, PGA is still not
able to replace commodity plastic in a wide range of applications because of its high
manufacturing cost [82] and its brittleness, which is characterized by short elongation
at break (30%).

Crystalline structure

Niu et al. recently showed that PGA crystallizes in β form with unit cell dimensions
(lattice constants): a = 0.872 nm, b = 0.502 nm, c (the fiber axis) = 2.05 nm at
60 ◦C under mechanical strain [88]. Polymer chains in β form crystal adopt 72 helical
conformation, in contrast to its planar α form crystal, which was revealed in 1968
by Chatani and co-workers [89]. α form crystal contains planar zigzag chains in an
orthorhombic unit cell with dimensions: a = 0.522 nm, b = 0.619 nm, and c (the
fiber axis) = 0.702 nm. This semicrystalline polymer has a density of 1.5-1.6 g cm−3

(Kureha). Fully α form crystalline PGA has a density of 1.707 or 1.69 g cm−3, while
fully amorphous PGA has a density of 1.45 g cm−3 [90].

In addition, a number of studies found the existence of hydrogen bonds between
polymer chains by terahertz technique [91, 92], which is likely to result in unusually
high melting temperatures compared with other aliphatic polyesters.

Kinetics and thermodynamics of crystallization of PGA

Needle-like hedrites with a large length-to-diameter ratio were observed by Yu et al.
at 200 ◦C [93]. The determination of the growth rate of the crystal of PGA is, there-
fore, difficult. Yu et al. also reported that PGA shows complicated melting behaviors:
multiple melting peaks observed by DSC heating scan after isothermal crystallization
at different temperatures [93]. Chen et al. studied the crystallization kinetics of PGA
by fast-scanning DSC [94]. It is possible to measure the crystallization rate (deter-
mined by half time from heat flow during the isothermal crystallization procedure) at
most temperatures from 75 to 175 ◦C. The entire “bell shape” curve was constructed,
with a maximal crystallization rate of around 160 ◦C. Chujo et al. studied PGAs with
different comonomer content to determine ∆Hm,100, which is 2500 or 2800 calories per
mole of crystallizable repeating unit (180 or 202 J g−1) [95]. Cohn et al. used melting
enthalpy (measured by DSC) of different PGAs with the known crystallinity from the
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reference [96] to determine ∆Hm,100 of PGA, 139 J g−1 [97]. Clapeyron–Clausius rela-
tion was employed to determine ∆Hm,100 by Nakafuku and co-workers, 183 J g−1 [84].
The equation relies largely on the equilibrium melting temperature, which is diffi-
cult to precisely determine. The equilibrium melting temperature (Tm

0) of PGA,
typically determined by Hoffman–Weeks plots, has a wide spread from 231.6 ◦C to
252 ◦C [84,93].

Semicrystalline morphology and ICD

The semicrystalline morphology of β form was revealed recently by Niu et al. [88]. It
has an amorphous layer thickness (da) of 4 nm, crystalline layer thickness (d c) of 2 nm
and long period (LP) of 6 nm at an isothermal crystallization temperature of 60 ◦C
according to the analysis of 1D correlation function of SAXS data. Compared with β
form, α form was more widely investigated by researchers. Unless otherwise specified,
the crystal form of PGA in the below context refers only to α form, on which this study
focuses. Montes et al. showed that α form crystal has d c= 7 nm, da= 6 nm and LP=
13 nm at an isothermal crystallization temperature of 195 ◦C [98], based on analysis
by 1D correlation function of SAXS measurement. Nishimura et al. also used the 1D
correlation function to analyze SAXS results and demonstrated the semicrystalline
morphology of PGA at 185 ◦C: da= 7.2 nm, d c= 6.2 nm and LP=13.4 nm [91]. Yu et
al. used SAXS technique to measure LP of PGA, which changes from 6 to 7.5 nm when
the temperature goes from 170 to 200 ◦C [93]. d c from their study was determined
by the product of the long period (Lorentz-corrected SAXS) and the crystallinity
measured by DSC [93]. Montes et al. reported the crystallinity of 37 and 50% by using
1H NMR-FID and DSC techniques, respectively [99, 100]. Gilding et al. measured
the crystallinity of 37% based on an analysis of WAXS results [96]. Sekine et al.
used NMR FID to characterize the crystallinity of PGA at different temperatures
[101]. They reported that the rigid fraction increased from 52 to 85% when the
temperature decreased from 200 to 120 ◦C, which was due to the increase of the
immobile amorphous fraction. No report of ICD has been found to the best of my
knowledge.

4.1.2 Poly-L-Lactide Acid (PLLA)

Introduction

Similar to PGA, PLLA was also mentioned by Carother [81], whose chemical struc-
ture is shown in Figure 4.1 (e). PLLA is able to be synthesized by many methods,
e.g. polycondensation, ring-opening polymerization (ROP), enzymatic polymeriza-
tion [102], among which ring-opening polymerization is currently used for industrial
production [103]. The polymer is commercially available, e.g. Luminy ® PLA from
TotalEnergies Corbion Ltd. has T g of 60 ◦C, Tm of 175 ◦C, the tensile modulus of
3500 MPa and elongation at break less than 5% (ISO 527-1, Luminy L175 from Total-
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Energies Corbion). Although PLLA is relatively brittle, the property can be modified
or improved by blending with PBS (Polybutylene Succinate) [25] and through suitable
processing methods [104]. Due to its good thermal, tunable mechanical properties,
relatively low manufacturing cost and, more importantly, degradability, the material
shows potential to replace commodity plastics to solve plastic waste issues and is al-
ready the most widely used bioplastic in many industries [102]. PLLA is degradable,
but its degradation reaction relies on PH value and temperature [105]. Therefore,
PLLA does not degrade during landfills operation, which is the most common and
problematic waste disposal method [20]. The material is also not degradable in the
ocean, where littered plastics end up [106,107]. The industrial composting condition
(e.g. DIN EN 13432) is suitable for the degradation reaction of PLLA, under which
PLLA is decomposed into small molecules that can be digested by bacteria [108].
More plastic waste going into composting contributes positively to current plastic
waste management. In addition, the degradation reaction also takes place in vitro
and in vivo [109], which expands applications of PLLA to medical and pharmaceutical
fields, e.g. fracture fixation and drug delivery [83,110].

Crystalline structure

PLLA possesses polymorphism, α, α′, β, and γ forms crystals. α form crystal has
two chains in a 103 helical conformation packed in an orthorhombic unit cell with
a = 1.07 nm, b = 0.645 nm, c (fiber direction) = 2.78 nm [111]. α form, the main
focus of PLLA in this study, is formed by cooling PLLA from melt to crystallization
temperatures above 130 ◦C. Its density is 1.26-1.29 g cm−3 [112]. α′ form has unit cell
dimensions: a = 1.08 nm, b = 0.62 nm, c (fiber direction) = 2.88 nm [113]. This form
is rather similar to α form. It has 103 helical chain conformation and is generated
by cooling PLLA from melt to crystallization temperature at 100 ◦C or below. The
density of α′ form (1.25 g cm−3) is lower than that of α form and rather closer to
that of the fully amorphous PLLA (1.248 g cm−3). Consequently, it is difficult to use
SAXS measurement to characterize its semicrystalline morphology [112]. β form is
generated by hot-drawing the melt-spun or solution-spun PLLA fibers to a high-draw
ratio. It has six chains in a 31 helical conformation in an orthorhombic unit cell with
a = 1.031 nm, b = 1.821 nm and c (fiber direction) = 0.900 nm [114]. Cartier reported
that PLLA has γ form crystal, which is produced by epitaxial crystallization and is
characterized by two helices with 31 conformation packed in an orthorhombic unit
cell having unit cell dimensions: a = 0.995 nm, b = 0.625 nm, c (fiber direction) =
0.880 nm [115].

Kinetics and thermodynamics of crystallization of PLLA

Androsch et al. studied the growth rate of the spherulites of α form crystal by optical
microscope [116]. The growth rate shows a maximum of around 125 ◦C, and decreases
with increasing crystallization temperature. Meanwhile, they reported that the ap-
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parent crystallization rate determined by half-time of DSC heat flow during isothermal
crystallization reaches a peak value at 90 ◦C. Jariyavidyanont et al. reviewed thor-
oughly ∆Hm,100 of α form, which was from 90-200 J g−1, and they determined ∆Hm,100

by flash DSC technique, which is 104.5 J g−1 [117]. Abe et al. used non-linear and lin-
ear Hoffmann Weeks plots to determine the equilibrium melting temperature, which
is 215 and 227.1 ◦C [118, 119]. However, different crystal forms were not taken into
account. Tsuji et al. used a linear Hoffmann Weeks plot to determine the equilibrium
melting temperature, which is from 181-212 ◦C [120].

Semicrystalline morphology and ICD of PLLA

Abe et al. characterized the crystalline layer thickness (d c) and amorphous layer
thickness (da) by both SAXS and Atomic-Force Microscopy (AFM) at different crys-
tallization temperatures, e.g. d c= 14.7 nm (SAXS result based on 1D correlation
function), d c= 17.1 nm(AFM) at T c= 150 ◦C [119]. Cho et al. determined d c and
da by SAXS measurement [121]. According to the analysis of interface distribution
function on their SAXS data, PLLA has d c of 20 nm and da of 8 nm at T c= 143 ◦C,
and does not show crystal thickening during isothermal crystallization. Chen et al.
used center band-only detection of exchange (CODEX) NMR measurement to mea-
sure ⟨τ c⟩ of the helical jump motions in α form crystal at different temperatures, i.e.
⟨τ c⟩ is around 3-250 ms from 103-150 ◦C. ⟨τ c⟩ exhibits Arrhenius behaviors, with the
activation energy, E a, around 91 kJ mol−1 [122, 123]. Song et al. reported different
force-induced melting behaviors of PLLA and PCL (Polycaprolactone) due to the
presence and absence of ICD, respectively [55].

4.1.3 Poly-3-hydroxybutyrate (P3HB)

Introduction

P3HB, first isolated by Lemoigne in 1925, is found in the soil bacteria [124], which is
produced as an energy source against starvation. Its chemical structure is illustrated
in Figure 4.1 (f). Although the polymer is possible to be chemically synthesized [125],
it is currently produced by microorganisms on an industrial scale [126]. P3HB has
a glass transition temperature of 0-27 ◦C [127–129] and a melting temperature of
177 ◦C [130]. The material has a tensile modulus of 1700 MPa and elongation at break
of 5% according to 1 mm min−1 and 50 mm min−1 tensile rate, respectively (Biomer
specification). As P3HB can be consumed by microorganisms, its biodegradability
is widely recognized [16]. Due to its good biodegradability and thermal properties,
P3HB is used for some applications either alone or as part of a blend with other
polymers, e.g. packaging and tissue engineering [131,132]. However, short elongation
at break hinders broader applications of P3HB. It is well known that its elongation
at break becomes even shorter during the storage time due to the slow secondary
crystallization [133], which further restricts its applications. The details are presented
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in Chapter 6.

Crystalline structure

P3HB possesses two forms of crystals, α and β forms. Yokouchi et al. revealed that the
crystal unit cell of α form is orthorhombic with the lattice constants: a = 0.576 nm,
b = 1.320 nm, c (fiber direction) = 0.596 nm. Polymer chains adopt 21 helical chain
conformation in the crystal [134]. The lattice constants of β form crystal were also
mentioned by Yokouchi et al. : a = b= 0.992 nm, c (fiber direction) = 0.596 nm. In
contrast to α form, the polymer chains in β form crystals adopt the planar chain
conformation. Iwata et al. demonstrated the generation of β form crystals under
mechanical force from α form crystals [135]. This study focuses only on α form of
P3HB. In addition, Sato et al. showed there is hydrogen bonding between the polymer
chains in the crystal [136].

Kinetics and thermodynamics of crystallization of P3HB

Cao et al. measured the growth rate of a spherulite of P3HB at different crystallization
temperatures and found that the maximum growth rate is around 80 ◦C [130]. Gaffar
investigated the dependence of melting temperatures on crystallization temperatures
by DSC technique [137]. The corresponding melting temperatures were used to de-
termine the equilibrium melting temperature of P3HB, which is 197 ◦C according to
Hoffmann Weeks plot. Barham et al. extrapolated melting enthalpies of P3HB ob-
tained at different densities to the theoretical density of a fully crystalline P3HB.
Unlike other relatively widely studied polyesters, this is the only available ∆Hm,100

= 146 J g−1 in the literature [138].

Semicrystalline morphology and ICD

Heo et al. used 1D correlation function to analyze SAXS results and reported that
P3HB has a crystalline layer thickness (d c) of 8.9 nm and an amorphous layer thick-
ness (da) of 3.7 nm at 145 ◦C [139]. They observed no crystal thickening at 145 ◦C
within 60 min. Van Nguyen et al. and Chiu et al. characterized d c and da at low crys-
tallization temperatures (below 90 ◦C) [140, 141]. Xia et al. probed intracrystalline
chain diffusion of P3HB by NMR-CODEX and claimed P3HB did not have measur-
able ICD at room temperature [142]. However, the study presented in Chapter 6
reported that P3HB has a measurable ICD at high crystallization temperatures.

4.1.4 Poly-4-hydroxybutyrate (P4HB)

P4HB was found in 1926 and was first reported in 2003 for implantable medical device
applications by Tepha, Inc. [143]. Its chemical structure is illustrated in Figure 4.1
(b). It is difficult to synthesize P4HB chemically by ring-opening polymerization
method because of the small ring strain of the monomers [144]. The commercially
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available P4HB homopolymers are produced through a fermentation process [145].
The material has T g of −51 ◦C and Tm of 60 ◦C [145]. P4HB is a tough material. Its
Young’s modulus is around 120 MPa, and its elongation at break can reach 500%, both
of which are dependent on molecular weight [146]. The product made from P4HB is
degraded both in vitro and in vivo conditions [147,148]. Due to its unique mechanical
properties and superior degradability, P4HB is already widely used in many medical
applications, e.g. sutures and heart valves [145]. However, the crystallization of P4HB
is rather rarely studied.

Su et al. reported that the unit cell of P4HB is orthorhombic with the lattice
constants: a = 0.775 nm, b = 0.477 nm, c (fiber axis) = 1.199 nm [149]. The polymer
chains adopt the planar chain conformation in the crystals. No polymorphism has
been reported so far.

Keridou et. al reported the growth rate of spherulites of P4HB at different crys-
tallization temperatures, where the maximum growth rate appears at 20 ◦C [150].

Keridou et al. also studied the melting temperatures of P4HB after isothermal
crystallization at different temperatures, which were used to determine the equilib-
rium melting temperature, Tm

0 = 79.9 ◦C (Hoffman weeks plot) [151]. No ∆Hm,100

value is available in the literature.

Keridou et al. showed that P4HB formed a crystalline layer thickness of 7.9 nm and
an amorphous layer thickness of 1 nm according to the analysis of the 1D correlation
function of SAXS measurement. No study on intracrystalline chain diffusion of P4HB
has been found.

4.1.5 Polyvalerolactone (PVL)

The homopolymer of PVL is seldom studied, of which chemical structure is illustrated
in Figure 4.1 (c). I am not aware of any commercially available homopolymer, but
only lab-scale synthesis. PVL homopolymer can be synthesized through ring-opening
polymerization of valerolactone [152]. The synthesized polymer has a glass transition
temperature (T g) of −67 ◦C and a melting temperature of 52 ◦C [152]. Its Young’s
modulus is around 570 MPa and its elongation at break is between 150-200% [152].

Furuhashi et al. reported an orthorhombic unit cell with the lattice constants: a
= 0.747 nm, b = 0.502 nm, c (fiber axis) = 0.742 nm, in which the polymer chains
adopt planar conformation [153]. No polymorphism is reported.

Yevstropov et al. reported that PVL has ∆Hm,100 of 18.2 kJ mol−1, which is
182 J g−1, based on the combination of enthalpy measured by DSC and the crys-
tallinity [154].

No study on the semicrystalline morphology and intracrystalline chain diffusion
of PVL has been found in the literature.
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4.1.6 Poly ω-pentadecalactone (PPDL)

PPDL is chemically similar to high density polyethylene (HDPE), as shown in Fig-
ure 4.1 (d). Currently, there is no commercially available PPDL in the market,
but only from lab-scale synthesis, which was synthesized by ring-opening polymer-
ization [155, 156]. The synthesized polymer has a glass transition temperature of
−27 ◦C and a melting temperature of 97 ◦C. PPDL also possesses decent mechani-
cal properties, e.g. Young’s modulus greater than 300 MPa and elongation at break
longer than 500%, which is not only dependent on molecular weight, but also on
temperatures [157]. HDPE has Young’s modulus of 560 MPa and elongation of 690%
according to ASTM D882 (DOW� DMDA-8904 NT 7 High Density Polyethylene
Resin). Therefore, PPDL is also called PE-like polyester, as it is chemically and
mechanically similar to PE.

However, compared with HDPE, PPDL is not at all widely studied. Gazzano et
al. revealed the dimensions of unit cell of crystal: a = 0.749 nm, b = 0.503 nm and
c (fiber axis) = 2 nm [158]. The unit cell is pseudo-orthorombic monoclinic. PPDL
chains adopt the planar conformation in the crystals, and so does HDPE [159].

The melting behaviors of PPDL were studied by Cai and co-workers [160]. Unlike
the other aliphatic polyesters (PGA, P4HB, PVL and PBS), PPDL does not show
multiple melting peaks during the melting process observed by DSC.

Cai et al. also determined ∆Hm,100 of PPDL, by the extrapolation of the melting
enthalpy to the specific volume of 100% crystalline PPDL, which is 227 J g−1 [160].
Skoglund et al. reported the possible ∆Hm,100 of 223 J g−1 and 264 J g−1 [161], the
original literature is not available. Lebedev and Yevstropov reported ∆Hm,100 of
56 kJ mol−1, which was the calculation based on the heat capacity measured by DSC,
roughly 233 J g−1 [162]. They also reported that PPDL has an equilibrium melting
temperature of 370 K. Cai et al. used linear and non-linear Hoffmann Weeks plots
to extrapolate melting temperature to obtain Tm

0, 101 ◦C and 109.3 ◦C, respectively
[160].

Cai et al. reported that PPDL has d c of 10-13 nm based on 1D correlation function
analysis of SAXS measurement [157]. Focarete et al. reported that PPDL has a
crystallinity of 64 and 54% by the combination of melting enthalpy measured from
DSC measurement and ∆Hm,100 value from the literature and WAXS measurement,
respectively [155].
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4.2 AA-BB aliphatic polyesters

4.2.1 Polybutylene Succinate or Poly Tetramethylene Succi-
nate (PBS or PTMS)

Introduction

PBS was launched in 1993 as Bionolle�. The product is now available from PTT
MCC Biochem under the trade name of BIOPBS [163]. Its chemical structure is
illustrated in Figure 4.1 (g). The material is synthesized by polycondensation of
succinic acid and butanediol [164]. It has T g of −30 ◦C and Tm of 115 ◦C, which is not
significantly lower than Tm of HDPE (PTT specification of FZ91). The synthesized
material possesses comparable mechanical properties with HDPE [26]. It is even
possible to fine-tune some of the mechanical properties by blending PBS with PLLA,
which further narrows down the gap of mechanical properties between HDPE and
PBS [25,165]. In addition, PBS can easily undergo biodegradation in compost [166].
Therefore, this synthetic biodegradable polymer is considered to be a good candidate
for replacing HDPE in many applications, especially in packaging applications [25],
to tackle plastic waste issues.

Crystalline structure

PBS possesses polymorphism. A number of studies showed that PBS undergoes
a transition from α form crystals to β form crystals under strain and relaxation
[167,168]. α form crystals have the unit cell dimensions: a = 0.523 nm, b = 0.912 nm,
c (fiber axis) = 1.090 nm [169], and β form crystals have the unit cell dimensions: a
= 0.584 nm, b = 0.912 nm, c (fiber axis) = 1.186 nm. The polymer chains adopt the
planar chain conformation in both forms of crystals. In this study, the focus is only
on α form crystals. The fully crystalline α form crystal has a density of 1.34 g cm−3,
while the fully amorphous PBS has a density of 1.18 g cm−3 [170].

Kinetics and thermodynamics of crystallization of PBS

Miyata et al. studied the growth rate of spherulite at different isothermal crystalliza-
tion temperatures, the rate increases to more than 10 µm min−1 when the isothermal
crystallization temperature decreases from 110 to 90 ◦C [170]. Papageorgiou et al.
demonstrated that the crystallization rate of PBS increases quickly with decreas-
ing isothermal crystallization temperatures according to DSC measurements, and
they only had access to half of the “bell shape” curve [171]. They also illustrated
that PBS shows multiple melting peaks during heating according to DSC measure-
ments [171]. ∆Hm,100 of PBS was determined by different researchers by different
methods: the density method (200 J g−1) [170], the combination of DSC and WAXS
(210 J g−1) [171], the combination of DSC and NMR (183 J g−1) according to Chapter
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5. The equilibrium melting temperature of PBS, mostly determined by Hoffmann
Weeks plot, ranges from 122 to 135 ◦C [172–174].

Semicrystalline morphology and ICD

Papageorgiou et al. reported that PBS has a crystallinity of 35-40% from 80-95 ◦C
based on their WAXS measurements [171]. Xu et al. showed that PBS has a crystalline
layer thickness of 4.5 nm at 100 ◦C, based on the analysis of the interface distribution
function of SAXS result [173]. In addition, they found no crystal thickening during
isothermal crystallization. Schick et al. demonstrated that PBS has a narrow dis-
tribution width of d c, between 3.2 and 4.5 nm, at 100 ◦C, which was determined by
the combination of the results from flash DSC technique and other thermodynamic
parameters from the literature [175]. In Chapter 5, it is revealed da, d c and their
distribution width (σa, σc) of PBS at different crystallization temperatures by SAXS
measurement. PBS forms greater da (around 6.5 nm) than d c (around 4.3 nm) and
greater distribution width of da than that of d c. Chapter 5 shows that PBS does not
have measurable ICD in crystalline regions according to NMR T 1- and T 2-relaxation
measurements.
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Chapter 5

PBS, a crystal-fixed polymer

5.1 Introduction

Based on our recent studies [47,48], we proposed that semicrystalline polymers exhibit
different morphological features depending on the existence of intracrystalline chain
diffusion (ICD) and the difference between the timescale of ICD (⟨τ c⟩) and crystal
growth (τ lc). When τ lc ≥ ⟨τ c⟩, semicrystalline polymers show the following morpho-
logical features: d c > da and σc > σa. We call the polymers crystal-mobile polymers.
d c and da are average crystalline and amorphous layer thicknesses, respectively; σc

and σa are their corresponding distribution widths. When τ lc < ⟨τ c⟩, semicrystalline
polymers show different morphological features: d c ≤da and σc ≤ σa. We call these
polymers crystal-fixed polymers. Additionally, these two types of polymers show dif-
ferent ways to stabilize their crystals during heating: the crystals of crystal-mobile
polymer thicken to gain stability, while the crystals of crystal-fixed polymer melt and
recrystallize to form more stable crystals [176]. As the studies were carried out in
three model polymers, we aim to check the generality of our proposals in this chap-
ter, by extending our studies further into a biodegradable aliphatic polyester, PBS
(Polybutylene Succinate) [166]. PBS is commercially available and is replacing PE
in a few applications because it has similar thermal properties and its mechanical
properties are not substantially inferior to those of PE, and, more importantly, it is
more environmentally friendly [26,177,178]. PE, the most consumed polymer because
of its superb thermal and mechanical properties [178, 179], is a crystal-mobile poly-
mer [52, 180], but it is not well recyclable nor biodegradable [181]. Compared with
PE, PBS is, however, still not widely studied and there is no quantitative study of
intracrystalline chain diffusion and semicrystalline morphology (cf. Chapter 4), both
of which are essential for the understanding of the difference in mechanical properties
(our focus is on mechanical modulus) between PE and PBS .

Therefore, in this chapter, we present an experimental study to probe the poten-
tial ICD of PBS by a combination of solid-state NMR techniques with a SAXS-based

65
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analysis of the complete semicrystalline morphology. The combination of these dif-
ferent robust methods was used to determine the crystallinity and its dependence on
temperature. In addition, we provide a more reliable value for the enthalpy of melting
or the extrapolated enthalpy of melting of a hypothetical 100% crystalline sample (
∆Hm,100).

These results were published in the reference [67]. The text below was slightly
modified based on the reference to suit the content of this dissertation. The NMR
experiments in the chapter were carried out by Afiq Anuar from the solid-state NMR
group headed by Prof. Kay Saalwächter. We provided a sufficient description of NMR
results to support our argument. For a more in-depth understanding of NMR results,
please refer to the references [67, 71–73]. At the end of this chapter is an appendix
(Section 5.6) containing all the necessary information and raw data for the main text.

5.2 Material

We used a commercial-grade polybutylene succinate (FZ91) from PTT MCC Biochem
Co., Ltd. with molecular weight Mn = 40 850 g mol−1, Mw = 143 400 g mol−1 (PDI =
3.5) as measured by GPC in dichloromethane with polystyrene calibration.

5.3 Result and discussion

5.3.1 PBS is a crystal-fixed polymer confirmed by NMR,
SAXS and POM

To determine if PBS is a crystal-fixed polymer, we need to compare the timescale of
possible ICD, τ c, with the layer crystallization time, τ lc [47]. To study fast molecular
dynamics on the time scale of µs in the crystalline fraction of PBS, we performed
1H NMR-free induction decay (FID) measurements. In addition, these measurements
allow us to determine the crystallinity, which we discuss separately below. After
isothermal crystallization at 100 ◦C, the sample was cooled to 30 ◦C and heated step-
wise to 115 ◦C. At each temperature, an FID measurement was taken and the normal-
ized crystal fraction was extracted according to the procedure described in Chapter
3. The resulting FIDs for the crystalline fractions are shown in Figure 5.1. All curves
show no significant changes with temperature. The temperature independence of the
curves indicates the absence of ICD on the time scale of the method (≈ 0.2 ms) [72].
If there was relevant ICD, we would observe temperature-dependent changes in the
shape of the curves reflecting the increasingly fast molecular dynamics, where ⟨τ c⟩(T )
typically follows an Arrhenius dependence [47].

As no fast ICD was detected in PBS, we now need to address potentially slower
motions up to the scale of seconds. Exchange-NMR methods relying on the reorien-
tation of the 13C Chemical-Shift Anisotropy (CSA) tensor, as used in our previous
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Figure 5.1: Normalized 1H NMR-FID curves of the crystalline fraction of PBS crys-
tallized at T c= 100 ◦C measured at different temperatures as indicated in the legend.
The fluctuations at larger times reflect the noise level. Note that data below 0.012 ms
are missing due to the instrument dead time. The figure is reproduced from the ref-
erence [67].

work focusing on poly(oxymethylene) [48], are not applicable for PBS. The reason
is the regularity of the crystal structure, specifically the all-trans rather than helical
conformation, where the translation by one monomer unit places all atoms in crystal-
lographically equivalent positions [169]. Therefore, we probe the diffusive long-range
ICD of PBS, which is based on the possible detection of monomer exchange between
the crystalline and amorphous regions. This can be achieved by observing an ex-
change between 13C isotropic chemical shifts related to the two regions, provided
they are distinguishable [74], and by 13C T 1-relaxation [74,77].

Distinguishing the resonances (chemical shifts) from crystalline and amorphous
regions was achieved by 13C spectra under Magic Angle Spinning (MAS) condition.
The corresponding results are shown in Figure 5.2 (a). The red and blue dashed lines
are the crystalline (subscript c) and the amorphous (subscript a) resonances from
13C spectra, respectively. The total resonances of crystalline and amorphous regions
are illustrated by the black solid curve. Please refer to the reference [67] for detailed
explanations of the technique.

Based on the observed 13C spectra, the well-separated intense peak bc was chosen
to probe its T 1-relaxation and thus assess potential ICD. The detailed deconvolution
of the resonance peaks can be found in Appendix Figure 5.1. The T 1 decay curves
of bc for two different temperatures (30 and 90 ◦C) are shown in Figure 5.2 (b). If
there is the presence of ICD, a monomer diffusion from the crystalline region into the
amorphous region is expected. This diffusion results in a fast and linear decay of 13C
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signal with square root time scale (
√
t) in a short time period [77], e.g. approximately

less than 1 s. However, in Figure 5.2 (b), the T 1-relaxation curves of peak bc show no
linear dependence on

√
t (T 1 < 1 s) at both temperatures, which implies the absence

of ICD in PBS up to the timescale of about 1 s.

PBS is thus similar to the previously studied PCL, which was shown to be a
crystal-fixed polyester [182]. To prove the robustness of our T 1 relaxation measure-
ment, the same measurement was also carried out on PCL (Appendix Figure 5.1 (c)),
no monomer diffusion is found as well.
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Figure 5.2: (a) Comparison of 13C spectra: total contribution in black, the amorphous
(subscripts a) and crystalline (subscripts c) contributions of 13C spectra are in blue
and red, respectively. (b) T1 relaxation decay vs. the square root of the waiting
time of peak bc at 30 and 90 ◦C. The solid lines are biexponential fits (see Appendix
Table 5.1 for the detailed results). The amorphous-phase decays for resonance ba are
included only for comparison. The figures are reproduced from the reference [67].

The layer crystallization time τ lc can be estimated from the spherulitic growth
velocity µ according to Equation 5.1 [47].

τ lc =
5Å

µ
(5.1)

We measured µ of PBS during isothermal crystallization for different crystalliza-
tion temperatures T c. µ decreased with increasing T c, accordingly τ lc increased, as
shown in Figure 5.3. The orange straight line in Figure 5.3 (b) corresponds to the
measurement threshold of τ c estimated by NMR; τ lc is lying well below this line for all
T c. Based on our previous results on PEO and PCL, we would therefore expect that
the semicrystalline morphology of PBS shows the typical morphological features of a
crystal-fixed polymer, i.e. a well-defined crystal thickness and a broad distribution
for the thickness of the amorphous regions [48].



5.3. RESULT AND DISCUSSION 69

9 0 9 5 1 0 0 1 0 5 1 1 0

0 . 0

0 . 1

0 . 2

0 . 3

0 . 4

µ (
µm

/s)

T c  ( ° C )

(a)

9 0 9 5 1 0 0 1 0 5 1 1 0
0 . 0 0 1

0 . 0 1

0 . 1

1

1 0  � l c
 N M R  l i m i t  o f  � c

� lc
 (s

)

T c  ( ° C )

(b)

Figure 5.3: (a) Crystal growth velocity µ of PBS vs. crystallization temperature. (b)
Corresponding layer crystallization time (τ lc) and lower bound for the jump correla-
tion time (⟨τ c⟩) as a function of temperature. The figures are reproduced from the
reference [67].

To characterize the semicrystalline morphology of PBS, we performed in-situ
SAXS measurements during isothermal crystallization over a broad range of crystal-
lization temperatures. Using a one-dimensional stack model for analysis (cf. Chapter
3), we determined the mean thickness of the crystalline and amorphous layers, d c and
da and their distribution widths, σc and σa. The results are shown in Figure 5.4. The
Porod constant P is proportional to the specific crystalline-amorphous interface and
can, therefore, be used to follow the increase of crystallinity during the measurement
(cf. Chapter 3). The time at which 80 % of the final value was reached is marked by
dashed vertical lines to indicate the transition from primary to secondary crystalliza-
tion. As usual, the primary crystallization slows down strongly with increasing T c.
While d c remains essentially unchanged during the whole course of crystallization,
there is a reduction of da, which is most likely caused by the growth of additional
crystals in larger amorphous regions. Note that the distribution width for the crystal
thickness σa is larger than the corresponding value for the amorphous regions, σc.
Based on the results in Figure 5.4 (c), we obtained the volume crystallinity according
to Equation 5.2.

Xc,volume =
dc

dc + da
· 100% (5.2)

The mass crystallinity can be determined by taking the density of the crystalline and
amorphous regions into account.

Xc,mass =
ρc · dc

ρc · dc + ρa · da
· 100% (5.3)

Here ρc = 1.34 g cm−3 is the density of the crystalline regions and ρa = 1.18 g cm−3

is the density of amorphous regions [170]. Both crystallinities are listed in Table
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Figure 5.4: (a) Porod parameter P and (b) thickness of crystalline dc and amorphous
da layers during the course of isothermal crystallization at different temperatures
(T c = 95, 100, 105 and 110 ◦C). (c) dc, da and long period LP vs. crystallization
temperature T c, data obtained from the endpoint of each isothermal process in (b).
Error bars indicate the distribution widths σc and σa . The figures are reproduced from
the reference [67]. The detailed analysis of each data in (c) are shown in Appendix
Figures 5.4, 5.5, 5.6 and the figure in Chapter 3.

5.1 together with the crystallinity measured by 1H NMR-FID, which was calculated
according to Chapter 3.

Table 5.1: Volume crystallinity Xc,volume and mass crystallinity Xc,mass as measured
by SAXS and NMR, melting enthalpy ∆Hm from DSC (cf. below), and the average
melting enthalpy of 100% crystalline PBS, ∆Hm,100 = ∆Hm/Xmass calculated from
all shown values.

T c SAXS Xc,volume SAXS Xc,mass NMR Xc,mass ∆Hm by DSC ∆Hm,100

(◦C) (%) (%) (%) (J g−1) (J g−1)
95 42 45 41 77
100 42 45 42 79 183±8
105 41 44 42 80

The agreement between the crystallinities determined by SAXS and NMR is rea-
sonable and within expectations, given the fact that the two methods rely on differ-
ent principles. While SAXS measures density, the NMR-based FID deconvolution is
based on mobility contrast. Additionally, the NMR analysis relies on a three-phase
model, where Table 5.1 shows the value for the crystalline phase only. Based on the
combined values, an estimate for the enthalpy of melting can be given, as discussed
below, together with the DSC measurements. Our values for d c are consistent with
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the available values in the literature. These are SAXS-based values from Xu et al.
and an indirect estimate based on sophisticated DSC measurements and selected lit-
erature values for the enthalpy of melting, the equilibrium melting temperature and
the free energy of the fold surface of lamellar crystals [173,175]. All of our results are
consistent with our previous conclusions about the general morphological features of
crystal-fixed polymers: A well-defined, relatively small crystal thickness dc, absence
of any observable crystal thickening, crystallinity Xc below 50%, greater values for
σa than σc, while da and dc show values of the same order of magnitude [47,48].
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5.3.2 Melting behavior and enthalpy of melting
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Figure 5.5: Heating scans of PBS at 10 K min−1 after isothermal crystallization at dif-
ferent temperatures (T c) as indicated in the legend. The onset of melting is pointed
out by arrows. The dashed line illustrates the approximately constant value of the
final melting peak. The measurement for T c = 100 ◦C and 105 ◦C were shifted verti-
cally. The figure is reproduced from the reference [67].

With the help of the known values of the crystallinity determined above, measure-
ments of the enthalpy of melting of semicrystalline samples can be used to determine
the extrapolated enthalpy of melting of a hypothetical 100% crystalline sample. Fig-
ure 5.5 shows heating scans of PBS after isothermal crystallization at different temper-
atures (T c). As observed before [171,172,183], PBS shows multiple melting caused by
melting peaks and recrystallization, as it is typical for crystal-fixed polymers within a
suitable parameter range [176]. The onset of melting, indicated by arrows, is related
to the stability of the crystals directly after crystallization. Accordingly, this feature
shifted to higher temperatures with increasing crystallization temperature, while the
final melting peak as a result of reorganization during heating by (repeated) melting
and recrystallization appeared more or less at the same temperature, independent of
T c.

To determine the melting enthalpies ∆Hm, we extrapolated the heat capacity (cp)
from the molten state above 120 ◦C to T c as a base line and then integrated the heat
capacity from T c to 120 ◦C for each T c. Division by the mass crystallinity gives
an estimate for ∆Hm,100. Note that the value ∆Hm,100, is the enthalpy of melting
at the temperature of melting, i.e. around 115 ◦C, not at the equilibrium melting
temperature. The mean value is ∆Hm,100 = 183 J g−1, with a standard deviation of
8 J g−1. This value is comparable but lower than those reported by other researchers
of 200 J g−1 [170] and 210 J g−1 [171]. The latter value was determined in a similar way
as above from the combination of a determination of the enthalpy of melting by DSC
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and crystallinity, in this case, by WAXS. Given the limited precision of crystallinity
values determined by WAXS, we believe that our value is more reliable. A third
value of 110.3 J g−1 is often cited in the literature with reference to Chapter 5 of the
reference [184] without giving a detailed derivation. ∆Hm,100 itself is not given in
there. Given the experimental results, this value can obviously be discarded.

5.3.3 Temperature-dependent crystallinity and mechanical
modulus
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Figure 5.6: (a) Mass crystallinity (Xc) of PBS (T c = 100 ◦C) measured by 1H NMR-
FID at different temperatures below T c. The measurement at the end of the isother-
mal crystallization is represented by the red square. The sample was then cooled to
30 ◦C and the data shown as black symbols were acquired during heating. (b) G’
and G” vs. temperature (10 rad s−1, 0.1% strain). The externally crystallized sample
(T c = 100 ◦C) was also measured during heating (black squares). A final measure-
ment was taken after subsequent cooling at 30 ◦C (blue symbols). The figures are
reproduced from the reference [67].

A major motivation to characterize and understand the morphology of semicrys-
talline polymers is due to the fact that the mechanical properties, and specifically
the modulus depend strongly on the crystallinity [28, 185]. Based on specific DSC
experiments, PBS is reported to crystallize further upon cooling below T c, even if the
previous isothermal crystallization at elevated temperatures was complete [186,187].
It is therefore of interest for practical application, e.g in packaging [188], to determine
the crystallinity and the mechanical modulus in the temperature range between T c

and room temperature. While in DSC the changes in crystallinity are difficult to
identify and separate from the heat capacity signal (Appendix Figure 5.2), they show
up clearly in the 1H NMR-FIDs.

The resulting temperature-dependent crystallinity is shown in Figure 5.6 (a). Af-
ter an isothermal crystallization at T c = 100 ◦C, the sample was cooled to 30 ◦C



74 CHAPTER 5. PBS, A CRYSTAL-FIXED POLYMER

and subsequently heated step-wise back to 100 ◦C with NMR measurements at each
holding temperature. In this temperature range, the crystallinity changes more or
less reversibly by a factor of about 1.4. To confirm that the immobile phase formed
during cooling is indeed crystalline, we performed WAXS measurements at selected
temperatures, which show, in fact, an increase in the intensity of Bragg reflections
at low temperatures (Appendix Figure 5.3 (a)). Given the specific semicrystalline
morphology, i.e. da > dc and large σa, one would expect that this additional crystal-
lization follows the scenario of insertion crystallization, i.e. the thin crystals formed
upon cooling grow into the larger amorphous regions. This picture is qualitatively
consistent with observed changes in the SAXS data, shown in Appendix Figure 5.3
(b). A similar effect was observed before for PCL but weaker because of the smaller
temperature difference between T room and T c [47].

To investigate the effect of the observed changes in crystallinity on the linear
mechanical properties, we measured the dynamic shear modulus over the same tem-
perature range at a fixed frequency. Samples with a similar thermal history as above
(isothermal crystallization, T c = 100 ◦C) were heated step-wise from 30 to 100 ◦C
during the measurement, and then cooled again to 30 ◦C to confirm the reversibility
of the measured values. The resulting values for G′ and G′′ are shown in Figure
5.6 (b). The storage modulus increases by a factor of about 2.5 during cooling over
the relevant temperature range and the change in G′′ is similar, while the absolute
value is more than two orders of magnitude smaller. This behavior confirms that the
temperature-dependent changes are not caused by any relaxation. The results show
that the additional crystallization upon cooling leads to a significant reinforcement
of the material, which, on the other hand, also leads to a softening at elevated tem-
peratures, which might be relevant for specific applications. We would expect that
these are general effects for crystal-fixed polymers.

5.4 Conclusion

In conclusion, we could show that PBS has to be classified as a crystal-fixed polymer
without or, at most, very slow intracrystalline chain diffusion, for which reorganization
of the semicrystalline morphology plays no role during crystallization. In agreement
with our hypothesis, PBS shows the typical morphological features that we previously
attributed to this class of polymers, namely: a relatively small crystal thickness dc
with a weak dependence on crystallization temperature, absence of any discernible
crystal thickening during isothermal crystallization; low crystallinity (Xc < 50%),
greater values for the distribution width σa of the amorphous regions than that for
the crystalline layers σc. Similar to PCL, the model polymer from our previous
studies, melting of the original crystals happens only slightly above T c and during
further heating, a complicated melting and recrystallization process occurs, leading to
a final melting temperature largely independent on the crystallization temperature.

Making use of the large temperature range between crystallization/melting and
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room temperature, we could furthermore show that the crystallinity increases signif-
icantly during cooling by insertion crystallization, leading to a rather strong increase
in mechanical modulus [47,48,176]. Presumably, these are general effects for crystal-
fixed polymers.

Based on the relatively precise and consistent values obtained for the crystallinity
by two different experimental methods, we could extrapolate the measured value
for the enthalpy of melting to the value of a 100% crystalline sample, ∆Hm,100 =
183 ±8 J g−1. Given the larger range of values for this quantity given previously in
the literature, we believe that our value allows a more precise determination of the
crystallinity based on simple DSC measurements.

With the decisive role of the intracrystalline chain diffusion for the morphology of
semicrystalline polymers becoming more and more established, the question arises
about which factors favor the existence and the time scale of such a dynamics.
Polyesters promise to be interesting objects of study here, given the fact that e.g.
PLA is known to exhibit ICD on an intermediate time scale [122, 123], although
complete morphology is not yet revealed. ICD of other polyesters is rarely studied,
and neither is their morphology. A deeper understanding of the semicrystalline mor-
phology of this polymer family would also be of practical interest, as polyesters are
promising replacements for commodity plastics because of their biodegradability and
the fact that at least some of them are biobased.
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5.5 Experimental details

This section is different from Experimental Method Chapter (Chapter 3), it con-
tains only the detailed instrumental parameters and the sample treatments with the
purposes of data reproduction.

Proton low-resolution NMR-FID

1H time-domain nuclear magnetic resonance (NMR) experiments at low field (B0 ≈
0.5 T) were performed on a Bruker minispec mq20 spectrometer with a proton fre-
quency of about 20 MHz (B0 ≈ 0.47 T) using a static probe head with a wide temper-
ature range realized by heated or cooled air flow. The temperature accuracy of the
instrument is ± 1 K with a gradient of up to 0.5 K over the sample. We used a 90◦

pulse length of around 2.8 µs; the recycle delay (RD), i.e. the time between successive
scans, was set to 2 to 3 s, sufficient for near-complete T 1-relaxation. Measurements
and analyses were conducted as reported in our previous works [72,73]. To overcome
problems with the dead time of about 12 µs, we compared free induction decay (FID)
signals detected directly after a 90◦ pulse with signals after a magic-sandwich echo
(MSE). The latter avoids the dead time but features some loss of intensity, meaning
that shape parameters are taken from the MSE-FIDs while component amplitudes
are taken from the FIDs. The samples were always heated to 140 ◦C for 10 min to
remove the thermal history and then cooled to different crystallization temperatures
for isothermal crystallization. The step-wise heating for the measurement shown in
Fig 5.6(a) was carried out with a rate of about 5 K min−1, with an additional 10 min
of equilibrium time before each NMR-FID measurement. A detailed analysis of FID
measurement can be found in the previous publications [72,189].

13C MAS spectroscopy

All 13C spectra and data were recorded on 400 MHz Bruker Avance III spectrometers
with 13C Larmor frequency of 100.6 MHz using double- and triple-resonance magic-
angle-spinning (MAS) probes at a spinning frequency of 10,000 ±3 Hz. The pulse
lengths on the 1H and 13C channels were around 3 µs. Cross-polarization (CP) spec-
tra were recorded with contact times of 0.1 ms for crystalline-signal selection as well
as 1.5 ms for maximum signal overall, using an RD of 5-7 s (shorter at higher tempera-
ture) for near-complete T 1-relaxation of the 1H nuclei (being the source of polarization
in CP). In contrast, 13C direct polarization (DP) with short RD of around 1 s em-
phasizes the mobile/amorphous signals. For measurements of the 13C T 1-relaxation
decay, the pulse sequence of Torchia [71] featuring a z-filter on the 13C channel after
CP was used, utilizing peak deconvolution to faithfully separate the different reso-
nances.
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Small-angle X-ray scattering (SAXS)

SAXS measurements were performed on a Kratky compact camera (Anton Paar
GmbH, Graz, Austria) equipped with an X-ray optics (AXO Dresden GmbH, Ger-
many), a temperature-controlled sample holder, and a 1D detector Mythen2 R 1K
(Dectris, Switzerland). As the camera has a slit focus, the data had to be deconvo-
luted. This was achieved by applying the desmearing algorithm by Strobl [190].

The PBS samples were quenched from the melt state (150 ◦C) to different isother-
mal crystallization temperatures in the Kratky camera. The exposure time for each
measurement was 10 min.

The analysis of the SAXS data is based on the interface distribution function (IDF
or K”(z)), originally introduced by Ruland [191]. The detailed analysis procedure is
described in our previous publications [47, 50]. The corresponding examples of the
analysis of our PBS sample can be found in Chapter 3, and Appendix Figures 5.4,
5.5, 5.6.

DSC

Differential scanning calorimetry was performed with a DSC 8000 from Perkin Elmer.
The sample was heated to 150 ◦C to remove thermal history and quenched to different
crystallization temperatures. After the completion of isothermal crystallization, the
sample was cooled to −60 ◦C and heated to 150 ◦C at a rate of 10 K min−1.

Rheology

The shear modulus was measured with a rheometer Ares G2 equipped with a heating
chamber from TA instruments using a sample in stripe geometry (sample length
between clamps 20 mm, width 10 mm, thickness 1.5 mm) at different temperatures
but constant frequency of 10 rad s−1 and 0.1% strain. Beforehand, the sample was
isothermally crystallized at 100 ◦C in a rectangular mold (MeltPrep device) for 24 h,
and then transferred to the rheometer at room temperature. The step-wise heating
program for measurement shown in Figure 5.6 (b) was similar to that of 1H NMR-FID
measurement.

Optical Microscopy

Optical microscopy measurements were performed by using an Olympus BX51 mi-
croscope equipped with an Olympus XC30 camera allowing observation of the sample
and recording of the images. A Linkam hot stage equipped with a Linkam TP 94
temperature controller and a Linkam LNP liquid nitrogen controller was used as the
sample stage. We dissolved 103 mg PBS in 4 mL chloroform and placed one droplet
of the solution on a cover glass, which was heated to 140 ◦C to remove the solvent
and melt the PBS. Another cover glass was placed on top of PBS melt. For the
measurements, the sample (PBS sandwiched between cover glasses) was placed on
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the Linkam hot stage. We heated the sample to 140 ◦C for 10 min and then cooled
it with a rate of 30 ◦C min−1 to different temperatures for isothermal crystallization.
The crystallization was directly monitored using polarized light optical microscopy.
Olympus Stream Motion software was used to observe the camera view on a computer
and to analyze the images.
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5.6 Appendix

Table 5.1: Biexponential fit results of the 13C T 1-relaxation decays.

polymer temperature cryst./am. T 1,short T 1,long fraction T 1,short

(◦C) (s) (s) (%)
PBS 30 cryst. 7.6 91.8 19

am. 0.2 1.13 54
PBS 90 cryst. 11.0 93.7 64

am. 0.07 0.39 5
PCL 30 cryst. 2.86 130.1 26

am. 0.27 – 100
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Figure 5.1: 13C NMR details. (a) Illustration of the peak deconvolution on resonances
b and a, revealing a different line width but almost identical shifts of the amorphous
and crystalline signals of resonance a. (b) Individual spectra from the T 1-relaxation
decay experiments, confirming the amorphous (short T 1) vs crystalline (long T 1)
assignments. (c) T 1-relaxation decay data for a crystalline resonance of PCL at 30 ◦C
to be compared with Figure 5.2 (b), showing overall similar phenomenology in PBS
and PCL. The x-axis scaling in (b) and (c) corresponds to

√
t, which would give

a linear decay if the process were diffusive. The figures are reproduced from the
reference [67].
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Figure 5.2: DSC heating curve (T c = 100 ◦C) as in Figure 5.5 of the main text but over
the full temperature range. Any DSC signal due to the melting of additional crystals
formed upon cooling below T c is difficult to be separated from the background due
to normal heat capacity. The figure is reproduced from the reference [67].
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Figure 5.3: (a) WAXS intensity of PBS (T c = 100 ◦C) measured in θ − 2θ geometry
at PBS at different temperatures. (b) SAXS intensity of PBS (T c = 100 ◦C) at T c

and at room temperature. The figures are reproduced from the reference [67].

To confirm the increase of crystallinity upon cooling below the crystallization tem-
perature, we performed WAXS and SAXS measurements. For WAXS experiments,
the sample was crystallized at 100 ◦C externally in a MeltPrep device for 24 h. After
transfer to the diffractometer the sample was measured at 30 ◦C, 100 ◦C, and then
again at 30 ◦C to confirm reversibility. For comparison, a measurement in the melt
state at 140 ◦C is shown. While a quantitative analysis is not straightforward due
to the simultaneous change in intensity and position of the Bragg peaks and the
underlying background and the fact that Bragg peaks at different temperatures are
weakened by different Debye-Waller factors, it is qualitatively clear that the inten-
sity of the Bragg reflections grows during cooling at the expense of the amorphous
background indicating an increase in crystallinity.

The SAXS results also show changes upon cooling. The background at high q,
caused by density fluctuations in the liquid phase, decreases consistently with the
increase in crystallinity. The position of the minimum around s ≈ 0.2 nm reflecting
the thickness of the crystallites remains nearly unchanged, while the position of the
maximum indicated by arrows shifts to higher q, i.e. the long period takes on smaller
values. These changes are typical for insertion crystallization, i.e. much thinner
crystals grow into the larger amorphous regions in between already existing crystals.
A quantitative analysis in terms of the lamellar stack model used for the measurements
during isothermal crystallization is not appropriate in such a case as the distribution
of crystal thickness develops a tail towards smaller values, which is difficult to catch
the chosen model, although the changes show up qualitatively in the reduced mean
long period.
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Figure 5.4: (a) Iabs and Porod fit of PBS, T c=95 ◦C for 2945 min (b) (-Iabs +Ps−4 +
c1s

2 + c2)s
4w(s) and the fit according to our solution of PBS, (c) The cosine trans-

formation of the fit and (-Iabs +Ps−4 + c1s
2 + c2)s

4w(s) in (b) and its decomposition
in three contributions (dashed lines) hc, ha and 2hac
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Figure 5.5: (a) Iabs and Porod fit of PBS, T c=105 ◦C for 2945 min (b) (-Iabs +Ps−4 +
c1s

2 + c2)s
4w(s) and the fit according to our solution of PBS, (c) The cosine trans-

formation of the fit and (-Iabs +Ps−4 + c1s
2 + c2)s

4w(s) in (b) and its decomposition
in three contributions (dashed lines) hc, ha and 2hac
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Figure 5.6: (a) Iabs and Porod fit of PBS, T c=110 ◦C for 5765 min (b) (-Iabs +Ps−4 +
c1s

2 + c2)s
4w(s) and the fit according to our solution of PBS, (c) The cosine trans-

formation of the fit and (-Iabs +Ps−4 + c1s
2 + c2)s

4w(s) in (b) and its decomposition
in three contributions (dashed lines) hc, ha and 2hac
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Chapter 6

P3HB, a crystal-mobile polymer

6.1 Introduction

Poly(3-hydroxybutyrate) (P3HB) is a biodegradable polyester, produced by microor-
ganisms on an industrial scale [126]. The material possesses high elastic modulus and
melting temperature (cf. Chapter 4). P3HB is able to replace commodity plastics in
some applications, e.g. medical packaging and tissue engineering, but its applications
are challenged by its brittleness (short elongation at break). The applications of P3HB
are further limited by its detrimental embrittlement over time (elongation at break of
products made of P3HB becomes shorter and shorter over time) [132, 133, 192]. The
factors driving the embrittlement over time are considered to be either the physical
aging of amorphous parts below their glass transition temperature (T g) or secondary
crystallization. Although P3HB has been already commercially available on the mar-
ket for more than 30 years, its detailed semicrystalline morphology (crystalline (d c)
and amorphous (da) layer thickness and their distribution width, σc and σa) are still
not complete (cf. Chapter 4). Xia and co-workers reported that P3HB did not possess
measurable Intracrystalline Chain Diffusion (ICD) [142].

From our recent studies [47,48], based on three model polymers, we propose that
the semicrystalline polymers with measurable ICD (crystal-mobile polymer) show the
typical morphological features: d c > da, σc > σa, while the semicrystalline polymers
without measurable ICD (crystal-fixed polymers) show: d c < da, σc < σa. The
measurable ICD refers to the timescale of ICD (⟨τ c⟩) less than 1 s. When ⟨τ c⟩ is
longer than 1 s, we consider ICD of a polymer is not measurable. The previous chapter
(Chapter 5) successfully shows that our proposals are also valid for a commercially
available AA-BB polyester, PBS (Polybutylene succinate). PBS shows no measurable
ICD. It demonstrates the corresponding morphological features (d c < da, σc < σa),
as predicted by our proposals.

To check whether our proposals are further valid in polyesters and to provide
complete information about semicrystalline morphology and ICD of P3HB, we extend
our study to P3HB in this chapter. We reproduced the embrittlement of P3HB over

87
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a period of aging time at a temperature far above T g, in order to differentiate the
effect of secondary crystallization from physical aging on the embrittlement of P3HB.
The embrittlement was characterized by mechanical measurement (tensile test) and
Dynamic Mechanical Analysis (DMA). The full semicrystalline morphology (d c, da,
σc and σa) was monitored and measured during the aging time by SAXS so that
the missing information about semicrystalline morphology of P3HB is completely
revealed. ICD of P3HB was investigated by variant NMR techniques: 1H NMR-FID
and 13C Centerband-Only Detection of Exchange (CODEX). We find the presence of
ICD in the crystalline P3HB. The activation energy of an αc relaxation corresponding
to ICD determined by 13C NMR and DMA measurement, separately, is consistent
with each other.

These results were recently published in the reference [76]. The text below is
modified based on the reference to suit the content of this dissertation. At the end of
this chapter, it is an appendix (Section 6.6) containing the necessary information to
support the main text.

6.2 Material

P3HB without nucleating agent (P338 as pellets, with lot number 26T3380) was
obtained from Biomer (Schwalbach, Germany). The polymer (P338) was reported to
have an Mn of 130 kDa [193]. For other P3HB products from Biomer (P209 and P309)
with similar Mn, the polydispersity (Mw/Mn) was determined to be around 4 [194].
P3HB is subjected to thermal degradation at and above its melting temperature [195].
In our hands, differential scanning calorimetry (DSC) experiments shown in Appendix
Figure 6.1, illustrated the changes in the melting temperature upon repeated heating
and cooling cycles, which may be taken as an indirect hint at sample degradation. To
exclude such effects on our analyses, each measurement was performed with a new
sample.

6.3 Result and discussion

6.3.1 Mechanical properties

In order to confirm the embrittlement of our P3HB sample over time, several me-
chanical measurements were conducted at room temperature. Stress-strain curves
were utilized to observe storage effects on isothermally crystallized P3HB samples,
as illustrated in Figure 6.1 and summarized in Table 6.1. In these measurements,
the as-prepared sample was crystallized at 120 ◦C and then subjected to stress-strain
measurement without aging. The crystallization temperature was chosen based on
the DSC measurements (Appendix Figure 6.1). The strain at break (ϵB) of the as-
prepared sample was 12.22%. 2 days of annealing at 60 ◦C leads to a reduction of ϵB
to 7.18 %, which is further reduced to 6.46 % after 8 days. T g of the amorphous phase
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Figure 6.1: Exemplary stress-strain curves of P3HB, crystallized isothermally at
120 ◦C without and with annealing at 60 ◦C, all measured after cooling to room tem-
perature within 5 min. The figure is reproduced from the reference [76].

Table 6.1: Strain at break (ϵB) and stress at break (σB) after different thermal treat-
ments

Sample Treatment ϵB (%) σB (MPa)
As-prepared 12.22±0.62 26.06

Annealed 2 day at 60 ◦C 7.17±0.15 32.05
Annealed 8 day at 60 ◦C 6.46±0.38 33.00

of P3HB is reported in a range of about 0 to 27 ◦C [127–129], where the variation
may be attributed to confinement effects in the small amorphous domains. Since our
annealing temperature is well above this range, we take this as an indication that
actual aging effects in still glassy amorphous domains are at least an unlikely cause of
the embrittlement over time. Of course, the slow dynamics in the amorphous phase
being close to T g at ambient temperature, and even a slight increase related to the
thickening of the crystalline lamellae, could well affect the overall brittleness.

Further DMA measurements were conducted during two days of annealing at 60 ◦C
after isothermal crystallization at 120 ◦C, comparable to the conditions in Figure 6.1.
Figure 6.2 (a) shows a slow increase and decrease of G′ and G′′ over time, respectively.
The increase of G′ reflects a stiffness increase that is consistent with the increase of
the slope of the stress-strain curve in Figure 6.1.

Another important mechanical feature of P3HB can be seen from DMA temper-
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ature sweeps. From such a data set, measured on a compression-molded specimen of
non-isothermally crystallized P3HB, Figure 6.2 (b) illustrates the temperature effect
at a fixed frequency of 0.1 rad s−1. The loss modulus G′′ and tanδ showed a broad
peak starting from around 40 ◦C that is typically observed in crystal-mobile polymers,
being referred to as αc-relaxation [47]. A detailed discussion, specifically the confir-
mation of the observation of actual αc-relaxation through master-curve construction
and the relation to NMR observations of ICD, will be presented below.
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Figure 6.2: (a) G’ and G” measured by DMA during annealing at 60 ◦C, with a fre-
quency of 10 rad s−1, a strain of 0.1%. There was a power outage during the aging
experiment, which caused the gap of data both in G’ and G”. The specimen was
isothermally crystallized at 120 ◦C for 1 h and then quickly cooled to room temper-
ature and transferred to the DMA instrument (at 60 ◦C). (b) G’ and G” and tanδ
measured by DMA in the temperature range from -10 to 150 ◦C, with a frequency of
0.1 rad s−1 and strain amplitude of 0.1%. G” and tanδ show a sharp peak at around
0-20 ◦C, which refers to α relaxation. The specimen was non-isothermally crystallized
at an estimated cooling rate of 5 K. The figures are adapted from the reference [76].
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6.3.2 Semicrystalline morphology

As P3HB embrittlement may be related to the change in crystallinity over time, SAXS
was used to investigate the semicrystalline morphology of P3HB that was subjected to
the same temperature profile as the samples studied mechanically. We are interested
in the crystalline and amorphous layer thickness, d c and da, respectively, as well
as their distribution width, σc and σa, observed during isothermal crystallization at
120 ◦C for about 1 hour and subsequent annealing at 60 ◦C for 4 days.
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Figure 6.3: Crystalline (d c) and amorphous (da) layer thickness during the course of
isothermal crystallization at 120 ◦C and during subsequent annealing at 60 ◦C for 4
days. The horizontal dashed lines are here to guide the eye. Note that the ”error
bars” correspond to the width of the fitted thickness distributions, σa and σc. The
upper panel shows the evolution of the normalized Porod parameter (Norm. Porod),
confirming a constant interfacial area, thus, a constant number of lamellae. The
solid dots represent the isothermal crystallization process at 120 ◦C; the hollow dots
represent the aging process at 60 ◦C. The figure is adapted from the reference [76].

Figure 6.3 (the solids dots) shows the SAXS results of P3HB during isothermal
crystallization at 120 ◦C. We observe that d c and da are increasing and decreasing
over time, respectively. The sample temperature was then reduced to 60 ◦C to observe
the presence of secondary crystallization via crystal thickening at a lower tempera-
ture, mimicking slow changes at room temperature on an accelerated timescale, as
illustrated by the hollow dots in Figure 6.3. The data reveals an ongoing thickening of
P3HB crystal lamellae even after about 4 days. We observe that d c increases from 5.1
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to 5.9 nm and da decreases by about the same amount, which results in an increase of
the linear crystallinity SAXS Xc = dc/(dc +da) from 0.62 to 0.72. Notably, the Porod
parameter remains unchanged, confirming that the long period (LP), LP = da + dc,
is not changed.

As the long period stays constant at around 8.2±0.04 nm, it is an evidence of
actual lamellar thickening rather than insertion crystallization. In the latter case, all
structural parameters da, d c and LP would rather decrease [67,72]. Other important
observations are broad σc and narrow σa, and σa is still narrowing, which, together
with the high crystallinity, are the typical morphological features observed for the
polymers possessing ICD [47,48].

These changes may well be held responsible for the observed embrittlement, al-
though we lack an explicit model that connects these morphology changes with brittle
failure. Of course, there are other possibilities, e.g. through a higher confinement-
induced T g in the narrower amorphous gaps after aging/post crystallization [196–200],
the change of the amount of tie chains and entanglements in the amorphous phase.
To clarify the exact connection between morphology changes and embrittlement is
out of the scope of this study.
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6.3.3 Intracrystalline chain diffusion

From the results so far, we have strong indications of the presence of an αc-relaxation
(Figure 6.2 (b)), and the resulting ICD, constituting the origin of crystal thickening
(Figure 6.3). These indications contradict the finding from Xia and co-workers [142],
who reported there was the absence of an αc-relaxation in P3HB. The αc-relaxation is
commonly attributed to helical jumps of the chains within the crystals [52], mediated
by traveling defects [73]. The relevant timescale for this process is the jump correlation
time ⟨τ c⟩, which is the average residence time of a monomer in a given crystal raster
position and is normally characterized by NMR techniques.

The NMR experiments described in the chapter were carried out by Afiq Anuar
from the solid-state NMR group headed by Prof. Kay Saalwächter. We provide a
sufficient description of NMR results to support our argument. For a more in-depth
understanding of NMR results, please refer to the references [72,73,75,76].

To probe fast ICD (⟨τ c⟩ < 200µs), we performed temperature-dependent low-
resolution 1H NMR-FID measurement. If ⟨τ c⟩ < 200µs, the shape of the crystalline
components of FID curves would change with temperatures [72]. However, we do
not observe any temperature-dependent changes, which indicates the absence of fast
ICD (Appendix Figure 6.2). Therefore, ⟨τ c⟩ must exceed 200µs at any relevant
temperature.
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Figure 6.4: (a) Illustration of a helical jump in the P3HB crystal. The P3HB
monomer, labeled in blue, jumps in the arrow direction (red) to a neighboring posi-
tion, when τmix (waiting time) is long enough. (b) The normalized CODEX signal of
the selected crystalline peak versus τmix, aiming to probe the timescale of monomer
jumps. The sample was crystallized and measured at 120 ◦C. The solid line refers to
the fit according to the reference [75]. The dashed line indicates where the normal-
ized intensity is 0.5. The normalized CODEX signal of the other crystalline peaks is
illustrated in Appendix Figure 6.4. The figures are adapted from the reference [76].

To probe slower ICD (⟨τ c⟩ > 200µs), we performed Chemical Shift Anisotropy
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(CSA)-based 13C Centerband-Only Detection of Exchange (CODEX) measurement,
which allows the observation of ICD up to 1 s. As P3HB possesses a 21 helical struc-
ture in its crystals [134, 201], there is a variation of CSA tensor orientations from
monomer to monomer. This means that a monomer jump along a polymer chain of
P3HB in the crystalline region, as shown schematically in Figure 6.4 (a), can lead to
a variation in CSA tensor orientation. Therefore, the detection of slow chain mobility
in the crystalline regions by the CSA-based CODEX technique is possible [75]. As
we are only interested in the change of CSA tensor orientation in the crystalline re-
gions, prior to CODEX measurement, it is important to determine which of the 13C
resonances are associated with the crystalline regions, which is achieved by the 13C
NMR spectra measurement (Appendix Figure 6.3). The selected resonance peak from
the crystalline regions is utilized to probe the slow mobility within the crystalline re-
gions. The intensity of the crystalline peak versus mixing time (τmix, considered as
waiting time) is shown in Figure 6.4 (b). To compensate for the signal losses caused
by T 1-relaxation, instead of plotting the intensity of the corresponding peaks (Smix)
versus τmix, the normalized intensity (Smix/S0, S0 is the intensity with a short τmix)
is plotted versus τmix. In Figure 6.4 (b), the normalized signal (Smix/S0) of the crys-
talline peak decays with τmix, which means there are molecular rotations during τmix.
If no reorientation of the CSA tensor occurs during τmix, the signal will be refocused
completely (intensity remains constant over τmix). The exact ⟨τ c⟩ is obtained by the
fit according to the reference [75] (the solid line in Figure 6.4 (b)), which is around
0.12 s at 120 ◦C. In Figure 6.4 (b), a dashed line illustrates the theoretical prediction
of the normalized intensity at a large τmix [75]. The dashed line represents a plateau
equal to 1/M , M is the distinguishable monomer jumping sites. In our case, M is
equal to 2, as schematically shown in Figure 6.4 (a). We notice that the theoretical
prediction is consistent with our measurement results, which is also a proof that our
CODEX measurement is convincing.

By measuring ⟨τ c⟩ at different temperatures, the apparent activation energies Ea

of P3HB crystallized at different temperatures were obtained (80-90 kJ mol−1) via
Arrhenius plots (Appendix Figure 6.5). The CODEX-based activation energy can
be compared with the one available from the DMA experiments on the compression-
molded stripe of nonisothermally crystallized P3HB (Figure 6.2 (b)). Focusing on
the region of the αc-relaxation, it is possible to construct a master curve via time-
temperature superposition (TTS, cf. Chapter 3), as illustrated in Appendix Fig-
ure 6.6. This proves that an actual relaxation process is indeed observed, with the
temperature-dependent shift factors providing an activation energy of 82 kJ mol−1, in
good agreement with the NMR results.
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6.4 Conclusion

In conclusion, we have found that the well-documented embrittlement of P3HB, i.e.
a significant reduction of the strain at break and a slow increase of the shear modulus
upon aging at room temperature, can also be achieved by higher-temperature anneal-
ing at 60 ◦C. Under these conditions, SAXS results indicate that the crystalline layer
thickness slowly rises, the amorphous layer thickness slowly decreases and its distri-
bution narrows. All methods show that during further aging at 60 ◦C, the sample
keeps changing in the same way, but simply on a much longer timescale.

All these observations are in line with P3HB being a crystal-mobile polymer, where
Intracrystalline Chain Diffusion (ICD) enables lamellar thickening during primary as
well as secondary crystallization, as established by our recent publications [47, 48].
While we lack a model to explain the mechanistic connection between embrittlement
and the observed morphology changes, it can be hypothesized that the glass transition
temperature in the increasingly small amorphous domains, being generally close to
room temperature, increases due to confinement effects, leading to brittle rather than
elastic contributions to the overall mechanical response. Another possibility would
be that during aging, densification of the material leads to the formation of small
micro-cracks, making the material more sensitive to fracture.

In summary, in contrast to the recent claim of Xia et al. [142], we have identified
P3HB as a crystal-mobile polymer. While the possible relation between the ob-
served ICD, the lamellar thickening and the embrittlement remains an open question,
we anticipate the development of more focused strategies to improve the mechani-
cal properties of this fascinating material, e.g. by copolymerization with monomers
that do not fit the crystals and thus limit lamellar thickening, in analogy to similar
strategies that are well-established for, e.g., poly(ethylene).
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6.5 Experimental details

This section is different from the Experimental Method Chapter (Chapter 3). The
section here contains only the instrumental parameters and sample treatments for the
purposes of data reproduction.

Tensile testing

Stress-strain measurements were performed with a Linkam tensile-stage TST350 (Tad-
worth, UK) equipped with a 200 N load cell. Due to the low nucleation rate at
120 ◦C [138], a direct melt crystallization leads to millimeter-sized spherulites, which
does not allow for further tensile testing. For this reason, P3HB films were prepared
by cold crystallization, where a low-temperature crystal nucleation step at 25 ◦C for
1 min is included before isothermally crystallizing the sample at 120 ◦C for 7 min.
P3HB films with a thickness of about 200µm were punched into a dumbbell-shaped
specimen with a gauge length of 5 mm and gauge width of 2 mm. The experiment was
performed at room temperature (26±2 ◦C) at a constant cross-head speed of 5µm s−1

and with a pre-load of 0.2 N. All measurements were carried out within 5 min after
sample preparation or thermal treatment to avoid physical aging or annealing effects.
The results for the ultimate properties were averaged over at least 5 samples.

Dynamic mechanical analysis

The shear modulus was measured with a rheometer Ares G2 equipped with a heating
chamber from TA instruments using a sample in stripe geometry (sample length
between clamps 20 mm, width 10 mm, thickness 1.5 mm) at a constant strain of 0.1%.
Real-time aging experiments were conducted at 10 rad s−1 at 60 ◦C and frequency
sweeps were conducted from 0.1 to 100 rad s−1 in a temperature range between -10
and 150 ◦C.

Samples were prepared by both isothermal crystallization at 120 ◦C for 1 hour
(for aging experiments) and non-isothermal crystallization upon cooling with around
5 K min−1 (for frequency sweeps) in a rectangular molds (MeltPrep device) and always
installed in the rheometer at room temperature.

Small-angle X-ray scattering (SAXS)

SAXS measurements were performed on a Kratky compact camera (Anton Paar
GmbH, Graz, Austria) equipped with an X-ray optics (AXO Dresden GmbH, Ger-
many), a temperature-controlled sample holder, and a 1D detector Mythen2 R 1K
(Dectris, Switzerland). As the camera has a slit focus, the data had to be deconvo-
luted. This was achieved by applying the desmearing algorithm by Strobl [190].

The P3HB samples were quenched from the melt state (190 ◦C) to 120 ◦C at esti-
mated cooling rate of 5 K min−1 for isothermal crystallization in the Kratky camera.
The exposure time for each measurement was 10 min.
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The analysis of the SAXS data is based on the interface distribution function (IDF
or K”(z)), introduced originally by Ruland [191]. The detailed analysis procedure is
described in our previous publications [47, 50]. The examples can also be found in
Chapter 3.

Proton low-resolution NMR-FID

1H time-domain nuclear magnetic resonance (NMR) experiments at low field (B0 ≈
0.5 T) were performed on a Bruker minispec mq20 spectrometer with a proton fre-
quency of about 20 MHz (B0 ≈ 0.47 T) using a static probe head. Temperature
regulation via a regulated air flow is provided by a BVT3000 unit with an accuracy
of about ±1 K and a gradient of up to 0.5 K across the sample. The 90◦ and 180◦

pulse lengths ranged from 1.5 to 1.8 µs and 3.5 to 3.7 µs, respectively; the recycle delay
(RD), i.e., the time between successive scans was set to 1.5 to 4 s, which is about 5
times longer than 1H T 1 relaxation time. To overcome problems with the dead time of
about 15 µs, we compared free induction decay (FID) signals detected directly after a
90◦ pulse with signals after a magic-sandwich echo (MSE). The latter avoids the dead
time but features some loss of intensity, meaning that shape parameters are taken
from the MSE-FIDs while component amplitudes are taken from the FIDs.

The samples were heated to 180 ◦C for 5 min as a compromise between the removal
of thermal history and thermal degradation, and cooled to 120 ◦C for isothermal
crystallization. The step-wise heating for the measurement, as shown in Appendix
Figure 6.2, was carried out with a rate of about 5 K min−1, with an additional 10 min
of equilibrium time before each NMR-FID measurement.

For a detailed analysis of FID measurement, refer to our previous publications
[67,72,73]. An example of the analysis of sample can also be found in Chapter 3.

13C MAS NMR

All 13C spectra and data were recorded on 400 MHz Bruker Avance III spectrometers
with 13C Larmor frequency of 100.6 MHz using double- and triple-resonance magic-
angle-spinning (MAS) probes at a spinning frequency of 10,000 ±3 Hz. The pulse
lengths on the 1H and 13C channels were around 3 µs. The transmitter power used for
1H and 13C was around 40 and 140 W, respectively, corresponding to pulse lengths
of around 3 µs on both channels. Cross-polarization (CP) spectra rely on 1H-13C
dipolar polarization transfer, which is less efficient for more mobile chains. We used
short contact times of 0.01 ms to polarize exclusively the crystalline component. In
contrast, 13C direct polarization (DP) with a short RD of around 1 s measures the
mobile/amorphous signals.

Slow molecular rotations: Rotor-synchronized 13C centerband-only detection
of exchange (CODEX) was performed using the triple-resonance probe at 10 kHz
MAS; high-power proton decoupling (SPINAL64) [202] was used during the evolution
and acquisition of the 13C signal. The π/2 pulses for 1H and 13C were set to 3.0 and
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3.4-3.6 µs, respectively. The required recoupled evolution time (Nτ r) was set to 0.3 ms
with a τ r = 100 µs and N being integer. The recycle delay and contact times were
4-8 s and 1.7 ms, respectively.

The detailed analysis of CODEX and 13C spectra measurement refers to the ref-
erences [73, 75,76].
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6.6 Appendix
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Figure 6.1: Changes of the melting temperature (peak position) of P3HB over 5
repeated DSC cooling and heating scans at 10 K min−1 in the temperature range
from -20 to 185 ◦C. The in-between isothermal steps at -20 and 185 ◦C lasted for 2
minutes. The figure is adapted from the reference [76].
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Figure 6.2: Normalized crystalline components of 1H NMR-FID at different tem-
peratures after subtraction of fitted amorphous components of P3HB, isothermally
crystallized for 1 h at 140 ◦C. The figure is reproduced from the reference [76].
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Figure 6.3: Comparison of selective 13C MAS spectra of P3HB (T c = 140 ◦C). The
13C assignment is displayed in the inset; crystalline and amorphous resonances are
assigned with subscripts c and a. The figure is adapted from the reference [76].
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Figure 6.4: The normalized CODEX signal of all the crystalline peaks versus τmix to
probe the timescale of monomer jumps. The sample was crystallized and measured
at 120 ◦C. The solid line refers to the fit according to the reference [75]. The dashed
line indicates where 0.5 is. Peaks bc, cc and dc refer to the corresponding peaks in
Appendix Figure 6.3. The figure is adapted from the reference [76].
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Figure 6.5: Arrhenius plots of ⟨τ c⟩ in P3HB isothermally crystallized at (a) 90 ◦C,
(b) 105 ◦C, (c) 120 ◦C, and (d) 140 ◦C. We refer to Ea as ”apparent” value, as
we only cover a small temperature range which might overlook other complicated
processes [73]. The figures are adapted from the reference [76].
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Figure 6.6: (a) Master curves (T ref = 100 ◦C) of the storage and loss moduli (G’
and G”, resp.) and tanδ of a compression-molded plate of isothermally crystallized
P3HB (T c = 120 ◦C) constructed from frequency sweeps between 0.1 and 100 rad s−1

measured at different temperatures, where the maximum of the latter two corre-
sponds to the αc-relaxation. (b) Arrhenius plot of the temperature-dependent hori-
zontal shift factors from mastering. The slope provides an apparent activation energy
of around 82 kJ mol−1, which is comparable with the activation energy of the αc-
relaxation probed by CODEX NMR experiments. The reliability of this approach is
discussed in Appendix Figure 6.7. The figures are adapted from the reference [76].
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Figure 6.7: Rheology results of non-isothermally crystallized HDPE as a reference. (a)
Temperature sweep with a frequency of 0.1 rad s−1 at 0.1 % strain. (b) Master curves
(T ref = 80 ◦C) covering the range of the αc-relaxation. (c) Arrhenius plot of the shift
factor provides an apparent activation energy of 92 kJ mol−1, which corresponds well
with literature values [52,74,203]. This demonstrates the reliability of this approach
to determine the activation energy of the non-isothermally crystallized P3HB. The
figures are adapted from the reference [76].



Chapter 7

Semicrystalline morphology,
intracrystalline chain diffusion and
mechanical modulus of a series of
selected aliphatic polyesters

7.1 Introduction

A-B aliphatic polyesters are the most successful candidates to replace commodity
plastics due to their similar mechanical and thermal properties to commodity plastics
and their degradability, they are, however, not yet widely studied in terms of their
semicrystalline morphology and αc-relaxation (cf. Chapter 4). The αc-relaxation
is commonly attributed to helical jumps of the chains within the crystals [52], or
Intracrystalline Chain Diffusion (ICD). The characteristic timescale of ICD is ⟨τ c⟩.
There are even fewer investigations on different aliphatic polyesters with the purpose
of understanding the role of functional groups for ICD and semicrystalline morphology
(cf. Chapter 1). The functional groups can be the CH3 group as a side chain, the
CH2 group in monomer, etc.

From the experimental observation by Boyd, in terms of different crystallinity
(X c), semicrystalline polymers are divided into three classes: high-crystallinity poly-
mer (Xc > 60%), medium-crystallinity polymer (60 ≥ Xc > 30%) and low crys-
tallinity polymer. High-crystallinity polymer possesses αc-relaxation, while medium-
and low-crystallinity polymers show no sign of αc-relaxation [204]. The observation is
limited by the types of semicrystalline polymers, e.g. PE, PP and a few commercially
available plastics. In addition, from our previous studies [47,48] and Chapters 5 and
6, we find that the semicrystalline polymer with measurable ICD always possesses the
specific morphological features: the average crystalline layer thickness (d c) is greater
than the average amorphous layer (da), the distribution width of crystalline layer
thickness (σc), is greater than the distribution width of amorphous layer thickness,

105
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σa. As pointed out by the previous chapters, a measurable ICD refers to its charac-
teristic timescale (⟨τ c⟩) up to 1 s. We also called the polymers with measurable ICD
crystal-mobile polymers. The semicrystalline polymer with no measurable ICD (⟨τ c⟩
> 1 s) shows different morphological features: d c ≤ da, σc ≤ σa. These polymers are
called crystal-fixed polymers. To check whether the experimental observation from
Boyd and the findings from our studies are, in general, valid, we expand our investi-
gations further into a series of selected A-B aliphatic polyesters with similar chemical
structures.

In the following study, to test the generality of the experimental observation from
Boyd and the findings from our previous studies, the semicrystalline morphology
and αc-relaxation (ICD) of the series of A-B aliphatic polyesters with similar chem-
ical structures were investigated by the combination of SAXS and NMR techniques.
Through the comparison among the polyesters, we develop the hypotheses to under-
stand the influence of chemical structures of monomers on ICD, semicrystalline mor-
phology and thermal properties of the polyesters. Additionally, we investigated the
crystallinity-dependent mechanical modulus of different polyesters by the combina-
tion of NMR and mechanical measurements. A relationship between the crystallinity
and shear modulus of all different polyesters is summarized.

At the end of this chapter, it is an appendix (Section 7.7) containing all the
necessary raw data to support the main text.

7.2 Materials

We selected this series of A-B aliphatic polyesters based on the material availability.
Poly Glycolic Acid (PGA) was purchased from Polysciences Europe GmbH (Ger-
many). The molecular weight (M w) is above 100 kg mol−1. Poly-L-Lactide Acid
(PLLA) was provided by Corbion (Amsterdam, Netherlands) in the form of pel-
lets (Grade: L175), with M w of 120 kg mol−1. Poly-3-hydroxybutyrate (P3HB) was
supplied by Mr. Haenggi from Biomer (Germany), in the form of pellets (P338)
from T26 powder. Poly-4-hydroxybutyrate (P4HB) was synthesized by Prof. Man-
fred Zinn from HES-SO Valais-Wallis university (Switzerland). Polyvalerolactone
(PVL) was synthesized by Dr. Svenja Stuermer from university Hamburg, with
M w=190 kg mol−1, PDI=2. Poly ω-pentadecalactone (PPDL) was provided by Dr.
Felix Scheliga from university Hamburg, M w=439 kg mol−1, PDI=4.92. To facilitate
reading, we summarize molecular weight of each polyesters and thermal properties
either measured in our lab or data from the literature in Table 7.1.

In addition, the high density polyethylene (HDPE) and polybutylene succinate
(PBS) used in this chapter as benchmark materials were provided by Total (Grade:
Lumicene® mPE M5510EP) with Mn = 27 700 g mol−1, PDI = 2.8 and by PTT MCC
Biochem Co., Ltd. (Grade: FZ91) with Mn = 40 850 g mol−1, Mw = 143 400 g mol−1.
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Table 7.1: The molecular weight (M n and M w), polydispersity (PDI), glass transition
temperature (T g), melting temperature (Tm) and enthalpy of melting of different
polyesters (∆Hm,100). Tm was determined based on the maximum of melting peak
position according to the second heating scan of each polyester at 10 kmin−1 by DSC.
The raw DSC data are illustrated in Appendix Figure 7.1. ∆Hm,100 was calculated
by NMR crystallinity in Appendix Figure 7.15 and melting enthalpy measured by
DSC in Appendix Figure 7.2. ’*’ literature values, ’-’ data is not available, ’a’ data
is provided by the suppliers.

Polyesters Mn Mw PDI T ∗
g Tm ∆Hm,100

∗ ∆Hm,100

kg mol−1 kg mol−1 ◦C ◦C J g−1 J g−1

PGA - 100a - 40 [83] 223 139 [97],
180,
202 [95],
183 [84]

129.3

PLLA - 120a - 50-60 [83] 175 104.5 [117] -
P3HB - - - 0-40 [127–

129,205]
174 146 [138] -

P4HB 310 848 2.73 -51 [206] 52 - 96.9
±7.2

PVL 95 190 2 -66 [162] 58 182 [154] 143.3
±4.7

PPDL 89 439 4.92 -23, -
33 [161]

95 227 [160],
233,
264 [161]

211.7

7.3 Results

7.3.1 The crystallinity of different polyesters

To check the generality of the experimental observation from Boyd, firstly, we need
to characterize the crystallinity (X c) of the aliphatic polyesters listed in Table 7.1.
To reliably measure the crystallinity, we performed SAXS measurement on all the
polyesters at their corresponding isothermal crystallization temperatures. After the
determination of the average crystalline layer thickness (d c) and amorphous layer
thickness (da) of the polyesters by using the 1D stack model to analyze SAXS data (cf.
Chapter 3), the crystallinity of the polyesters was calculated according to Equation
7.1. The sum of da and d c is long period, LP. The results are shown in Figure 7.1.
PLLA and P3HB both possess a crystallinity above 60%. The crystallinity of PGA,
P4HB, PVL and PPDL scatters between 30 and 60%. No clear dependence of X c
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on N cc is seen. The definition of N cc can be found in the caption of Figure 7.1.
According to the definition of polymer category by Boyd, we find that the polyesters
in Table 7.1 fall into two classes of polymers: high-crystallinity polymers (PLLA and
P3HB) and medium-crystallinity polymers (PGA, P4HB, PVL and PPDL).

Xc = dc/(dc + da) · 100% (7.1)
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Figure 7.1: SAXS crystallinity (X c) of different polyesters measured at the corre-
sponding isothermal crystallization temperatures by SAXS. N cc is the number of
carbon-carbon bonds along the backbone of polyester in each repeating monomer
unit, e.g. P4HB has 3 carbon-carbon bonds along the backbone in each monomer;
PLLA has 1 carbon-carbon bond along backbone, which is the same as PGA. Two
magenta dashed lines are only to illustrate clearly where 30 and 60% are.
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7.3.2 The semicrystalline morphology of different aliphatic
polyesters

To check the generality of the findings from our previous studies [47, 48] about the
characteristic of semicrystalline morphology of polymers, da, d c, their distribution
width σa, σc and LP of all the polyesters are studied.

Medium-crystallinity polyesters (PGA, P4HB, PVL and PPDL): LP
d c, da and their corresponding distribution width σc and σa of medium-crystallinity
polyesters are illustrated in Figure 7.2 (a)-(d). To facilitate the comparison, only the
corresponding results obtained at the end of the isothermal crystallization process of
PGA, P4HB, PVL and PPDL at different temperatures are shown in Figure 7.2 (a)-
(d). The semicrystalline morphology of different polyesters during the course of the
isothermal crystallization process at different temperatures can be found in Appendix
Figures 7.3, 7.4 and 7.5. In addition, Appendix Figures 7.3 and 7.4 contain the infor-
mation of the crystal thickening rate of these four polyesters during crystallization,
which will be compared separately in detail in the discussion section. As shown in
Figure 7.2 (a)-(d), d c of all four polyesters increases with isothermal crystallization
temperatures (T c) individually, and so does da of all polyesters, with the exception
of PGA, of which da fluctuates with T c. PGA, P4HB and PPDL show greater da

value than d c value, while da of PVL is slightly smaller than d c of PVL. The distri-
bution width of amorphous layer thickness (σa) of 4 polyesters is, not exceptionally,
broader than that of crystalline layer thickness (σc). Please note that PGA possesses
polymorphism, this study focuses only on its α form crystal [88, 89]. Polymorphism
of the other three polyesters has not been reported (cf. Chapter 4).

High-crystallinity polyesters (PLLA and P3HB): LP, d c, da and their cor-
responding distribution width σc and σa of high-crystallinity polyesters at the end
of the crystallization process are shown in Figure 7.2 (e)-(f). The change of LP, d c,
da and their corresponding distribution width σc and σa during crystallization at
different temperatures can be found in Appendix Figures 7.6 and 7.7. d c value of
both polyesters increases with crystallization temperatures, while da value of both
polyesters does not vary significantly with crystallization temperatures. LP of both
polyesters, which is the sum of da and d c, consequently increases with crystallization
temperatures. At all crystallization temperatures, both polyesters show a greater d c

value than da value, and a broader distribution width of crystalline layer thickness
(σc) than that of amorphous layer thickness (σa). We are aware of the presence of
polymorphism of both polyesters [111, 134, 135, 208], and present in this study only
the semicrystalline morphology of α form crystal of both polyesters.

Additionally, we notice that different polyesters have different d c values, as sum-
marized in Figure 7.3. PGA has the smallest d c value, while PLLA has the greatest
d c value. d c value of polyesters possessing similar crystal unit cell (P4HB, PVl, PCL,
PPDL, HDPE cf. Chapter 4) increases with increasing of N cc. This trend of d c is
discussed in detail in the discussion section below.
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Figure 7.2: d c, da and LP of four medium-crystallinity polyesters measured at the
corresponding isothermal crystallization temperatures ((a) PGA, (b) P4HB, (c) PVL
and (d) PPDL), based on the last points in Appendix Figures 7.3 and 7.4. d c, da and
LP of PLLA (e) and P3HB (f) at different isothermal crystallization temperatures,
based on the last points in Appendix Figures 7.6. The error bars are the distribution
width of da (in blue) and d c (in red). The detailed SAXS analysis is illustrated in
Appendix Figures 7.8, 7.9, 7.10, 7.11, 7.12 and 7.13. The assignment of d c and da was
based on 1H NMR-FID measurement in Appendix Figure 7.15 or the trend of change
of d c and da during crystallization (Appendix Figure 7.5 (a)). P3HB and PLLA are
known to have more than 50 % crystallinity, according to our study in Chapter 6 and
the reference [207].
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Figure 7.3: The summary of d c of different polyesters from Figure 7.2. d c is the
average value of each polyester at all measured isothermal crystallization tempera-
tures, its standard deviation is illustrated by the corresponding error bar. PCL data
is reproduced and modified from the reference [47]. HDPE data is added into the plot
as a reference, which is obtained from our SAXS measurement on Total Lumicene®

M5510 at 123 ◦C (T c= 123 ◦C, for 150 min). The open dots are polymers either with
no measurable ICD or no information of ICD available from the literature. The solids
dots are the polymers with known ICDs.
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7.3.3 ICD of different aliphatic polyesters

To further confirm the generality of the experimental observation from Boyd and the
findings from our previous studies, the direct measurement of the timescale of ICD
(⟨τ c⟩) by NMR on these polyesters is necessary. The NMR experiments described in
this chapter were conducted by Afiq Anuar from the solid-state NMR group headed
by Prof. Kay Saalwächter. We provide here a sufficient description of the NMR
results to support our argument.

The temperature-dependent 1H NMR-Free Induction Decay (FID) measurements
were performed to examine the presence of fast ICD (⟨τ c⟩ < 200µs) in the crystalline
fraction of the polyesters listed in Table 7.1. Besides fast ICD, the 1H NMR-FID
measurements also enable us to determine the crystallinity (X c), which we discuss
separately further in the discussion section below. PLLA and P3HB were excluded
from 1H NMR-FID measurements because it is known that these two polyesters have
measurable ICDs from Chapter 6 and the reference [122]. If ⟨τ c⟩ < 200µs, the shape
of the crystalline components of FID curves would change with temperatures [72].
However, the crystalline components of the FID curves of each polyester, measured at
different temperatures, are overlapping (Appendix Figure 7.19). This independence of
the shape of the curves on temperature indicates the absence of ICD on the timescale
up to 200µs at all measured temperatures.
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Figure 7.4: 13C T 1-relaxation measurement plot of log(1 − Iτ/I0) of the selected
crystalline peaks (Appendix Figure 7.16) of isothermally crystallized PGA, P4HB,
PVL and PPDL measured by 13C NMR spectra measurement versus waiting time
in logarithmic scale (log(τ)). The temperatures in the brackets in the legend are
the measurement temperatures. The crystallization conditions refer to Experimental
details section 7.6. The data from PBS and P3HB are illustrated here as examples
of typical crystal-fixed and crystal-mobile polymers, respectively. The solid line is a
linear fit with a slope of 0.5. The dashed lines are guides to the eye.
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As no fast ICD is present in PGA, P4HB, PVL and PPDL, we performed 13C T 1-
relaxation to prolong the possible experiment time to observe slow ICD, ⟨τ c⟩ up to 1 s.
This measurement probes the presence of diffusive long-range ICDs in samples, which
is based on the detection of monomer exchange between crystalline and amorphous
regions. Therefore, prior to 13C T 1-relaxation measurements, it is necessary to dis-
tinguish between 13C NMR signals in crystalline and amorphous regions, which was
achieved by 13C NMR spectra measurement (Appendix Figure 7.16). Figure 7.4 shows
the results of 13C T 1-relaxation measurement of the selected crystalline peaks of PGA,
P4HB, PVL and PPDL according to the 13C NMR spectra measurement (Appendix
Figure 7.16). A special way of representing the results of 13C T 1-relaxation measure-
ment is adopted in Figure 7.4, below is a brief explanation. In a rigid semicrystalline
system, the 13C T 1-relaxation of polymer chains in the crystalline regions exhibits a
slow exponential decay (τ > 10 s), which means that the intensity of the magnetiza-
tion (Iτ ) of the selected crystalline peak (Appendix Figure 7.16) decays exponentially
with waiting time, τ . If there is the presence of the diffusive crystalline chains, Iτ
of the selected crystalline peak decays linearly with

√
τ when τ is short, e.g. around

less than 1 s [74], according to Equation 7.2

Iτ
Io

= 1 −
√

2D

dc

√
τ (7.2)

where D is the diffusion coefficient and d c is the crystalline layer thickness, Iτ is the
intensity of magnetization of the selected crystalline peak measured at waiting time
(τ), which is normalized by its initial value Io. In order to more clearly observe the
presence of a diffusive chain mode, Equation 7.2 is rearranged as

log(1 − Iτ
Io

) =
1

2
log(τ) + log

√
2D

dc
(7.3)

Then, if there are diffusive crystalline chains, log(1 − Iτ
Io

) of the selected crystalline
peaks has a linear dependence on log(τ) with a slope of 0.5. We consider Equation
7.3 to be an improved version of the analysis used in Chapter 5 for PBS. Therefore,
instead of showing the relaxation of the intensity of magnetization versus measure-
ment time, we plotted log(1 − Iτ

Io
) versus log(τ) in Figure 7.4. A 0.5 slope is seen

from isothermally crystallized P3HB (star symbol), which is the reference polymer
that has the measurable ICD based on the results from Chapter 6. In contrast, no
0.5 slope is observed from the other polyesters (P4HB, PGA, PPDL, and PVL) in
Figure 7.4, which means the absence of ICD up to 1 s. PBS is added to the plot
as the reference polymer with no measurable ICD [67]. The presence of even slower
ICD in the crystalline region is more difficult to be probed by NMR measurements,
although they might exist. A quantitative comparison of ICD might be possible by
SAXS measurement (crystal thickening rate), which is discussed separately in the
following section.

In addition, we notice different chemical structures have different influences on
ICD, which is also discussed in detail in the following section.
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7.3.4 Mechanical modulus of different aliphatic polyesters at
room temperature

Mechanical properties are crucial to determine whether these polyesters have potential
for applications or not. Our focus is on the mechanical modulus, which can only be
understood in depth with detailed characterization of semicrystalline morphology and
ICD [33, 61]. Figure 7.5 shows the storage shear modulus (G′) of all the polyesters
from Table 7.1 at 30 ◦C, as 30 ◦C is the most relevant application temperature. G′ of
each polyester at other temperatures refers to Appendix Figure 7.17. In Figure 7.5,
G′ of all polyesters scatters between PGA and P4HB, showing no clear trend among
different polyesters. G′ of HDPE is added to Figure 7.5 as a benchmark. It is difficult
to explain G′ at 30 ◦C alone because all polyesters have different T g and Tm, as
shown in Table 7.1, which also play important roles for G′. To further understand the
influence of semicrystalline morphology and ICD on mechanical modulus, we compare
G′ of different polyesters at temperatures above T g. The details are presented in the
discussion section below.
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Figure 7.5: The shear modulus of different polymers at room temperature. The
samples were isothermally crystallized in different temperatures and measured at a
frequency of 10 rad s−1, a strain of 0.1% and at 30 ◦C. The detailed crystallization
conditions are stated in the caption of Appendix Figure 7.17. We used 10% as the
error bar of the measurement results. PCL data was reproduced from the reference
[32].
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7.4 Discussion

7.4.1 Is the experimental observation from Boyd and the
findings from our previous studies also valid for A-B
polyesters?

This work was motivated by the experimental observation from Boyd: high-crystallinity
polymers possess αc relaxation, while medium- and low-crystallinity polymers show
no sign of αc relaxation [204], and by our previous studies: the semicrystalline poly-
mers with measurable ICD show the specific morphological features (σa < σc) and
belongs to high-crystallinity polymers, but the semicrystalline polymers with no mea-
surable ICD demonstrate different morphological features (σc < σa) and belong to
medium-crystallinity polymers [47, 48]. In this section, we discuss the generality of
the experimental observation and the findings from our previous studies based on
the results obtained above. Before that, we compare our results with the available
literature values, in order to rationalize their reliability.

Figure 7.2 (a)-(d) shows the semicrystalline morphology (da, d c, σa, σc) of medium-
crystallinity polyesters. Our d c and da values of PGA and PPDL are comparable with
literature values. These literature values were obtained either based on the analysis
of a 1D correlation function of SAXS [91,98,157], or the combination of LP obtained
by SAXS and the crystallinity by DSC [93]. d c and da values of P4HB are not yet
correctly revealed. Keridou et al. reported that LP of P4HB was around 10 nm and
d c was around 8 nm by using the analysis of the 1D correlation function of SAXS
data [150, 151]. We further clarify the reason why our results are more reliable than
those from Keridou and co-workers for such a low T g and low Tm material in the
following section. To our best knowledge, the semicrystalline morphology of PVL is
not available from the literature (cf. Chapter 4). The distribution width σa and σc of
all four polyesters are also not reported yet (cf. Chapter 4). Our NMR results show
no sign of measurable ICD from PGA, P4HB, PVL and PPDL.

No ICD studies on these four polyesters have been reported yet (cf. Chapter 4).

Figure 7.2 (e)-(f) illustrates the semicrystalline morphology of high-crystallinity
aliphatic polyesters. These d c and da values of PLLA and P3HB are comparable to
the literature values. Cho et al. reported d c and da of α form crystal of PLLA based on
the analysis of the interface distribution function of SAXS data [121]. They stated no
observation of crystal thickening. Heo et al. used the 1D correlation function approach
to analyze SAXS data and determined d c and da of α form crystal of P3HB [139].
No observation of crystal thickening was claimed within around 1 h of measurement
time at isothermal crystallization temperatures. The distribution widths, σa and σc

of PLLA and P3HB have not yet been reported (cf. Chapter 4).

It is known that PLLA and P3HB have measurable ICD from the study in Chapter
6 and the reference [122].

All of our results are comparable with the available literature values. In addition,
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our study provides complete information about the semicrystalline morphology and
ICD of all of the aliphatic polyesters described in Chapter 4.

These results confirm that the generality of the experimental observation from
Boyd can be well extended into all of our aliphatic polyesters, as all medium-crystallinity
polymers (PGA, P4HB, PVL and PPDL) do not have measurable ICD, while PLLA
and P3HB (high-crystallinity polymers) do have measurable ICD. The results also
enable us to expand our findings from our previous studies into aliphatic polyesters.
The aliphatic polyesters with measurable ICD (PLLA and P3HB) show the typ-
ical morphological features: σc > σa, and belong to high-crystallinity polymers,
while the aliphatic polyesters without the measurable ICD (PGA, P4HB, PVL and
PPDL) demonstrate different morphological features: σa > σc, and belong to medium-
crystallinity polymers.

7.4.2 How is ICD of aliphatic polyesters affected by the CH3

group?

We find a pair of aliphatic polyesters with and without CH3 as a side chain (PLLA
and PGA) in our work, they possess measurable and no measurable ICD [122], respec-
tively. It is not uncommon in our work to notice this type of pair. Another similar
pair is P3HB and P4HB. P3HB has the CH3 group as a side chain and shows the
measurable ICD (cf. Chapter 6). P4HB does not have the CH3 group as a side chain,
neither does P4HB have ICD. ICD measurement on PGA and P4HB is not yet studied
in the literature, this type of comparison, which directly compares a polyester with
its counterpart having the CH3 group as a side chain, is therefore not yet reported.

Based on these two pairs from our work, we hypothesize that the CH3 group
as a side chain can facilitate the ICD of aliphatic polyesters. Song and co-workers
reported that helical chain conformation is important for gaining ICD according to
the comparison between PLLA and PCL [55]. However, it is difficult to separate the
influence of CH3 and helical chain conformation on ICD. For instance, both PLLA
and P3HB, in our comparison, adopt helical chain conformation in the crystals [111,
134]. The presence of the CH3 group as a side chain possibly favors helical chain
conformation in polymer crystals [209]. It is also true for Isotactic Polypropylene
(i-PP). I-PP shows helical chain conformation [210], while PE, its no CH3 side group
counterpart, adopts planar chain conformation [159]. However, it is well known PE
does possess measurable ICD [74], which is somewhat contradictory to the importance
of helical chain conformation for ICD. Therefore, we tend to stress the importance
of the CH3 group as a side chain for promoting ICD of polyesters. The reason that
planar PE shows measurable ICD while planar aliphatic polyesters do not is discussed
in the next section. Certainly, we admit a few deficiencies in our hypothesis and
experiments. Firstly, our hypothesis is only based on a rather limited amount of
pairs due to the material availability. More samples with the CH3 group as a side
chain should be investigated in the future to verify the hypothesis. Secondly, a direct



7.4. DISCUSSION 117

comparison between P3HB and Polypropiolactone (PPL) instead of P4HB will be
more convincing. We are still working on the detailed characterization of PPL due
to its complexity of polymorphism.

7.4.3 How is thermal properties, ICD and semicrystalline
morphology of polyesters affected by the number of
CH2 groups in the monomer?

From the above-mentioned results, we find that the ester group and its concentra-
tion have important effects on many properties of the polyester samples, i.e. melting
temperature (Tm) and enthalpy of melting (∆Hm,100), ICD and semicrystalline mor-
phology. In this discussion section, we start with a short summary of the observations
from the above-mentioned results and the comparison of the results with the available
literature values; then we provide our hypothesis of the influence of the ester group
and its concentration on the corresponding properties of the polyesters.

As listed in Table 7.1 and visualized in Figure 7.6 (a), Tm increases with N cc

(the definition of N cc refers to the caption of Figure 7.1, 1/N cc is proportional to the
concentration of ester group in an aliphatic polyester), from P4HB to HDPE, while
Tm of PGA, PLLA and P3HB is significantly higher than that of the other polyesters
and does not follow any trend, which is often reported in the literature without
explanations [155,211]. ∆Hm,100 of P4HB, PVL, PPDL and HDPE decreases linearly
with 1/N cc (the concentration of ester groups), as shown in Figure 7.6 (b). This
dependence was suggested by Pepels and co-workers based on rather few available
literature values [212]. ∆Hm,100 of PGA, PLLA and P3HB is much higher than
the dashed line, which has not yet been compared and reported in the literature.
According to our NMR measurements, no measurable ICD in PPDL, PVL, P4HB or
PGA up to the timescale of 1 s (Figure 7.4) is found, which is not reported elsewhere,
although if there is a presence of ICD in which polymer is a long-standing scientific
question [52]. Some molecular criteria regarding ICD have been proposed by Gedde
[51], noting that aliphatic polyesters did not possess ICD due to the large size of
the monomer. As observed from SAXS measurement, d c of P4HB, PVL, PPDL
and HDPE increases with N cc (Figure 7.3). A similar observation is reported for
the aliphatic polyesters with large N cc without explanations [212]. We also observe
that d c of HDPE, PPDL, PVL and P4HB demonstrates different linear dependence
on time in logarithmic scale during isothermal crystallization (Appendix Figure 7.3
and 7.4), as summarized in Figure 7.7. The crystal thickening rate of each polymer
(the slope in Figure 7.7) follows such an order: HDPE≫PPDL>PCL>PVL≈P4HB.
The linear dependence is mainly reported and discussed by researchers dealing with
HDPE [66, 213, 214]. The characterization of d c of polyesters is not widely carried
out (cf. Chapter 4), not to mention the revelation of the dependence of d c on time
and the corresponding comparison among different polyesters [48] (cf. Chapter 4).

Based on all these observations, we suggest discussing separately about non-PE-
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Figure 7.6: (a) Melting temperatures of different polyesters and HDPE. Pink dots are
not PE-like polyesters. Black dots are PE-like polyesters and HDPE. (b) ∆Hm,100

of different polyesters. The red dots are results measured by our group based on
DSC melting enthalpy/crystallinity (NMR). The hollow dots are the literature values.
As ∆Hm,100 involves mostly the crystallinity measurement, which is difficult to be
precisely determined, we used blue color to indicate relatively reliable values from
the literature. The dashed line is to guide the eyes. ∆Hm,100 of PHL (poly (7-
heptalactone)) was reproduced from the reference [215]. The black box separates the
literature values of ∆Hm,100 of PGA from that of PLLA.

like polyesters (PGA, PLLA, P3HB) and PE-like polyesters (P4HB, PVL, PPDL) on
which our main focus is. This is because PGA, PLLA and P3HB possess crystal lattice
constants different from HDPE and PE-like polyesters [89,111,134,149,158,159,216].
Additionally, the extra hydrogen bonding between chains exists in PGA and P3HB
[91, 92, 136], which leads to a rather high melting temperature compared with other
PE-like polyesters. Lastly, PGA, PLLA and P3HB do not follow linear dependence of
∆Hm,100 on 1/N cc like other PE-like polyesters and PE. This dependence is due to the
energy penalty by the inclusion of ester groups in PE crystal [53,212,217]. Therefore,
it is reasonable to discuss these two groups separately. Due to the lack of systematic
trend from our experiments on non PE-like polyesters, there is no further discussion
on these three polyesters in this section, other than merely on PE-like polyesters and
PE.

For PE-like polyesters, we hypothesize that their ICD has the dependence on N cc

(interpreted also as inverse content of ester group in monomer), i.e. ICD is faster
when N cc increases, ICD slows down when N cc decreases. Below is the explanation.
It is well recognized that the slope of crystal thickening is the product of reciprocal
of the energy barrier per unit length and kT according to Equation 7.4 [66], where t
is time, k is Boltzmann constant, l is crystalline layer thickness at t, t0 is the time
when a crystal with certain thickness is initially born, A is a fitting parameter and
the slope of crystal thickening is equal to (kT )/C, and C is the energy barrier per
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unit length of d c.

l =
kT

C
log

2.3A
kT
C

+
kT

C
log(t− t0) (7.4)

Equation 7.4 is one of the solutions to Equation 7.5 [66], which phenomenologically
describes the dependence of d c on time.

dl

dt
= Ae−

Cl
kT (7.5)

kT
C

, the crystal thickening slope, is therefore able to qualitatively distinguish difference
among different levels of ICD. Schulz et al. showed that polymers with different ICD
levels demonstrate different crystal thickening slopes [48]. The reason that ICD slows
down from HDPE to PPDL is the formation of the layered structure of ester groups in
crystals of polyesters [51, 53]. Once this layered structure is disturbed, a measurable
ICD reappears [54]. The slope becomes smaller and smaller from PPDL to PVL be-
cause the number of layered structures per unit length of d c in crystal increases. ICD
slows down further when N cc decreases until it is too slow to be distinguished between
PVL and P4HB. Our hypothesis also rationalizes the experimental observations that
both d c and Tm increase with N cc, which was observed by Pepels and co-workers who
investigated a series of polyesters with different N cc greater than 14 [212]. Fast ICD
can lead to large d c [48], therefore we see the trend in Figure 7.3. As the polymer
crystals are stabilized by d c (larger d c, higher Tm according to the Gibbs-Thomson
equation), Tm should rise with ICD or N cc as well. Of course, we are also fully aware
of the deficiencies of our hypotheses. Choosing similar crystallization temperatures
for all polyesters will be ideal because the crystal thickening slope also depends on
temperature [66]. There are not enough data points from SAXS measurement of
P4HB, so it is difficult to tell the difference in the slope between P4HB and PVL. To
confirm our hypothesis further, a polyester with an even larger N cc (> 14) should be
investigated.
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Figure 7.7: d c of HDPE, PPDL, PCL, PVL and P4HB changes during the isothermal
crystallization process in the secondary crystallization phase according to their Porod
parameter. The dashed magenta line is the slope of PCL, which is shifted to ease
the comparison. PCL data was reproduced from the reference by Schulz and co-
workers [48].
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7.4.4 What determines shear modulus at a temperature above
T g?

It is well known that for a given semicrystalline polymer, its mechanical modulus,
at a temperature above T g and below Tm, depends on its crystallinity [28, 29, 33].
The dependence is mostly reported by researchers working on PE. We discuss our
experimental observations based on aliphatic polyesters here to check the generality
of the observation from PE.

The crystallinity (X c) of PPDL, PVL, P4HB and PGA changes with temperature
according to temperature-dependent 1H NMR-FID measurement (Appendix Figure
7.15, confirmed by SAXS and WAXS measurements shown in Appendix Figures 7.20
and 7.21). Although this observation is not yet reported for these polyesters, it is
not unexpected for polymers with no measurable ICD due to insertion crystallization
[47, 67, 157]. This observation allows us to explore the dependence of the storage
shear modulus (G′) on X c of polyesters by simply changing temperatures. We see a
linear dependence of G′ in logarithmic scale on X c (G’ increases exponentially with
X c) for all polyesters with no measurable ICD in Figure 7.8 (b), which is similar
to the observations from PE [28, 29]. Due to the relatively large deviation around
the line and the limited range of X c, the analysis of the exact dependence of G’
on X c can be complicated and is out of the scope of our study. We only intend
to demonstrate this trend. Therefore, we consider the semicrystalline morphology
(dc = 7.9 nm, da = 1 nm) of P4HB reported by Keridou and co-workers [150, 151] to
be questionable for such a low-modulus semicrystalline polymer without measurable
ICD. On the other side, G′ of polymers with measurable ICD clearly deviates from the
trend. This is not contradictory to the generality of the experimental observations
from PE. It means when we compare G’ of polymers with different levels of ICD,
apart from crystallinity, the perturbation frequency should also be taken into account.
When the timescale of the perturbation is similar to or slower than that of ICD
of a crystal-mobile polymer, its G’ is below the trend because the semicrystalline
polymer becomes soft due to an αc-relaxation corresponding to ICD. The examples
of frequency-dependent G′ of crystal-mobile polymers (HDPE and P3HB) are shown
in Appendix Figure 7.22 and Appendix Figures in Chapter 6.

Additionally, Figure 7.8 (a), based on the combination of SAXS and DMA results
in Figure 7.2 and Appendix Figure 7.17, respectively, shows no dependence of shear
modulus (G′) on crystalline layer thickness (d c). This observation does not agree with
the references [30,31], which claimed that the mechanical modulus was dependent on
both d c and X c. We know that it is not easy to separate the influence of d c from X c

if PE is the only sample for this investigation. Our different polyesters provide the
possibility to show that there is no influence of d c on G′.

Put together from the above observations, we complement the general observation
from PE that G′ relies largely on X c above T g, by also taking into account polymer
classification (crystal-mobile and crystal-fixed polymers) [29,33].
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Figure 7.8: (a) Shear modulus (G′) vs. d c of different polyesters. Both modulus and
d c were measured at the corresponding crystallization temperatures. (b) G′ vs. X c

(NMR crystallinity) of different polyesters. The red dots represent the measurements
at the corresponding isothermal crystallization temperatures. The black dots are
measured during a heating or cooling process. The blue dots are from polymers
with measurable ICD. PLLA was measured at 130 ◦C (T c= 130 ◦C, 3 h). HDPE
was measured at 123 ◦C (T c= 123 ◦C, 2 h). G′ from P3HB was calculated from
the dynamic Young’s modulus. The measurement was performed by Dr. Katalee
Jariyavidyanont. The sample was isothermally crystallized P3HB at 140 ◦C for 40 min.
Appendix Figure 7.22 shows a clear dependence of G’ of P3HB on frequency. The
solid line is as a guide to the eye.
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7.5 Summary

In conclusion, with our study of semicrystalline morphology and intracrystalline chain
diffusion (ICD) of PGA, P4HB, PVL, PPDL, PLLA and P3HB, we expand the gener-
ality of the experimental observations from Boyd to A-B aliphatic polyesters, namely:
A-B aliphatic polyesters also follow the observations that high-crystallinity polymers
(PLLA and P3HB) possess ICD, while medium-crystallinity polymers (PGA, P4HB,
PVL and PPDL) do not show measurable ICD. Due to the presence and absence
of ICD, high-crystallinity polyesters show the morphological features: σc > σa and
medium-crystallinity polyesters show different morphological features: σc < σa which
also extends the generality of the studies to more polymers.

The broad range of polyesters involved in this study enables us to investigate
the influence of chemical structures on ICD of polyesters. On one side, the direct
comparison of two pairs of polyesters (PLLA vs. PGA, P3HB vs. P4HB) with
and without the CH3 group as a side chain confirms our first hypothesis that the
presence of the CH3 group as a side chain facilitates ICD of aliphatic polyesters.
Therefore, PLLA and P3HB show measurable ICD, while PGA and P4HB do not,
according to NMR T 1-relaxation measurement. On the other side, the comparison
among P4HB, PVL, PCL, PPDL and HDPE confirms the second hypothesis that ICD
slows down when the concentration of ester groups in monomer (inversely proportional
to N cc) increases. The systematic increase of N cc from P4HB to HDPE leads to
the systematic increase of ICD, which was qualitatively revealed by a systematic
increase of the crystal thickening slope of d c during crystallization and verified by
NMR measurements. More importantly, the second hypothesis is not only further
supported by the observation of an increase of d c and Tm from P4HB to HDPE, but
also provides an explanation for this increase of d c and Tm, which is a long-standing
observation from the literature without explanations. An increase of ICD (an increase
of N cc) is the reason that leads to larger d c and consequently higher Tm.

With the combination of melting enthalpy measured by DSC and crystallinity by
1H NMR-FID, we extrapolated the measured value of melting enthalpy to the value of
a 100% crystalline sample to obtain ∆Hm,100. ∆Hm,100 from HDPE to P4HB decrease
linearly with 1/N cc, which is due to the penalty of inclusion of the ester group in the
crystal. This linear dependence gives us confidence in most of our ∆Hm,100 values;
meanwhile the dependence also provides guidance to identify reliable ∆Hm,100 values.

By measuring the storage shear modulus (G’) of the polyesters with different d c,
we excluded the dependence of G’ on d c. We combined temperature-dependent crys-
tallinity measurement and modulus measurement of medium-crystallinity polyesters
to report a linear dependence of G′ in logarithmic scale on crystallinity (exponential
dependence) in the hope of expanding the generality of the dependence of mechanical
modulus on the crystallinity observed from PE. The influence of ICD on mechani-
cal modulus should also be taken into account when such a general dependence is
explored among polymers with rather different levels of ICD.

With the understanding of the influence of certain chemical structures on in-
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tracrystalline chain diffusion of polyesters, we immediately raise a follow-up ques-
tion: what are the other chemical structures having an influence on the ICD of
polyesters and how? Although polyesters are promising materials for the replace-
ment of commodity plastics because of their biodegradability and environmentally
friendly monomer source, their relatively inferior mechanical properties (poor bal-
ance between elongation at break and modulus), which is highly relevant to ICD,
still hinder wide applications of polyesters. The good balance between elongation at
break and modulus is usually achieved by the polymers with fast ICD, for instance,
PE. Synthesis of polyesters with fast ICD may be a solution to improve the corre-
sponding mechanical properties, which needs to be guided by an understanding of
the molecular criteria for the presence of fast ICD.
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7.6 Experimental details

This section is different from the Experimental Method Chapter (Chapter 3). All the
critical instrumental parameters and sample treatments are reported here with the
purposes of data reproduction.

SAXS: SAXS measurements were performed on a Kratky compact camera (Anton
Paar GmbH, Graz, Austria) equipped with an X-ray optics (AXO Dresden GmbH,
Germany), a temperature-controlled sample holder, and a 1D detector Mythen2 R
1K (Dectris, Switzerland). Samples were heated and cooled in-situ, and illuminated
by copper Kα radiation. The exposure time of each measurement was 10 minutes. All
samples were heated 20-30 K above their melting temperatures for 10 min and cooled
to different isothermal crystallization temperatures with an estimated cooling rate of
5 K min−1.

NMR 13C MAS Spectroscopy: All 13C spectra and data were recorded on a
400 MHz Bruker Avance III spectrometer with a 13C Larmor frequency of 100.6 MHz
using double- and triple-resonance MAS probes at a spinning frequency of 10 Hz. Due
to the limited available temperature range of the spectrometer, PGA was heated to
250 ◦C on one hot stage for 10 min and moved to another hot stage of 150 ◦C im-
mediately for isothermal crystallization for 5 min. Then the sample was cooled to
room temperature and transferred to NMR instrument for the measurement. Other
polyesters were thermally treated in the instrument. They were heated 20-30 K above
their melting temperatures for 10 min and cooled to different isothermal crystalliza-
tion temperatures. The cooling rate was estimated to be 5 K min−1. Appendix Table
7.1 lists the detailed crystallization conditions, except for the crystallization condition
of PGA.

NMR Proton Low-Resolution: 1H time-domain NMR experiments at low field
(B0 ≈ 0.5 T ) were performed on a Bruker minispec mq20 spectrometer with a proton
frequency of about 20 MHz (B0 ≈ 0.47 T) using a static probe head with wide temper-
ature range realized by heated or cooled air flow. All samples, except for PGA, were
heated 20-30 K above their melting temperatures for 10 min to remove the thermal
history and then cooled to different temperatures for isothermal crystallization with
an estimated cooling rate of 5 K min−1. PGA was heated up to 250 ◦C for 10 min in
the oven and transferred immediately to the minispec, which was set to 200 ◦C for
isothermal crystallization for 1 h. The stepwise heating for the measurement was car-
ried out at a rate of ≈ 5 K min−1, with an additional 10 min of equilibrium time before
each NMR-FID measurement. Appendix Table 7.1 lists the detailed crystallization
conditions, except for the thermal treatment of PGA.

DMA: The shear modulus was measured with a rheometer Ares G2 equipped
with a heating chamber from TA instruments using a sample in stripe geometry
(sample length between clamps 20 mm, width 10 mm, thickness 1.5 mm) at different
temperatures but constant frequency of 10 rad s−1 and 0.1% strain. To prepare the
samples with stripe geometry, all of them were heated 20-30 K above their melting
temperatures for 10 minutes in a rectangular mold (MeltPrep device) and cooled to
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different temperatures for isothermal crystallization. The cooling rate was estimated
to be 5 K min−1.
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7.7 Appendix

Polymer T c X c ∆H ∆Hm,100
◦C % J g−1 J g−1

PGA 200 60 77.6 129.3

(a) PGA. T c= 200 ◦C, 1 h.

Polymer T c X c ∆H ∆Hm,100
◦C % J g−1 J g−1

PPDL 80 47.9 101.4 211.7

(b) PPDL, T c=80 ◦C, 1 h.

Polymer T c X c ∆H ∆Hm,100
◦C % J g−1 J g−1

40 35 36.1
P4HB 42 40.1 35.7 96.9 ±7.2

45 36.5 36

(c) P4HB, T c=45 ◦C, 4 h. T c=42 ◦C,
2.5 h. T c= 40 ◦C, 2 h.

Polymer T c X c ∆H ∆Hm,100
◦C % J g−1 J g−1

40 52.8 75.3
PVL 42 54.6 75.9 143.3 ±4.7

45 48.8 72.4

(d) PVL, T c=40 ◦C, 1 h. T c=42 ◦C,
100min, T c=45 ◦C, 200min.

Table 7.1: NMR crystallinity (X c) and melting enthalpy (∆H) of medium-
crystallinity polyesters measured by 1 NMR-FID and DSC, respectively, at different
isothermal crystallization temperatures. ∆Hm,100 is calculated based on ∆H

Xc
.
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Figure 7.1: The first cooling and second heating scans of different polyesters at rate
of 10 K min−1 measured by DSC
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Figure 7.2: The heating scans of medium-crystallinity polyesters after isothermal
crystallization at rate of 10 K min−1 measured by DSC. The crystallization conditions
refer to Appendix Table 7.1.
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Figure 7.3: The normalized Porod constant (P), da and d c of 4 medium-crystallinity
polyesters during the isothermal crystallization process at different temperatures. To
ease the reading, σa and σc are omitted, which are found as examples in Appendix
Figure 7.5.
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Figure 7.4: The normalized Porod constant (P), da and d c of 4 medium-crystallinity
polyesters during the isothermal crystallization process at different temperatures. To
ease the reading, σa and σc are omitted, which are found as examples in Appendix
figure 7.5.
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Figure 7.5: The selected examples of d c and da of PGA, P4HB, PVL and PPDL
during the isothermal crystallization with their distribution width σa and σc
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Figure 7.6: The normalized Porod constant (P), da and d c of 2 high-crystallinity
polyesters during the isothermal crystallization process at different temperatures.
The initial increase of da and decrease of d c are because of unstable fitting procedure.
To ease the reading, σa and σc are omitted, which are found Appendix Figure 7.7.

1 0 2 1 0 3
0
2
4
6
8

1 0
1 2
1 4
1 6
1 8
2 0
2 2
2 4
2 6

 d c  1 5 0 ° C
 d a  1 5 0 ° C

Th
ick

ne
ss 

(nm
)

t  ( m i n )

(a) PLLA

1 0 3
0

2

4

6

8

1 0

1 2
 d c  1 5 0 ° C
 d a  1 5 0 ° C

Th
ick

ne
ss 

(nm
)

t  ( m i n )

(b) P3HB

Figure 7.7: The selected examples of d c and da of PLLA and P3HB during the
isothermal crystallization with their distribution width σa and σc. The initial increase
of da and decrease of d c are because of unstable fitting procedure.
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Figure 7.9: (a) Iabs and Porod fit of P4HB, T c=40 ◦C for 330 min (b) (-Iabs +Ps−4 +
c1s

2 + c2)s
4w(s) and the fit according to our solution [50], (c) The cosine transforma-

tion of the fit and (-Iabs + Ps−4 + c1s
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4w(s) in (b) and its decomposition in
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Figure 7.11: (a) Iabs and Porod fit of PPDL, T c=90 ◦C for 3720 min (b) (-
Iabs + Ps−4 + c1s

2 + c2)s
4w(s) and the fit according to our solution [50], (c) The

cosine transformation of the fit and (-Iabs + Ps−4 + c1s
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4w(s) in (b) and its
decomposition in three contributions (dashed lines) hc, ha and 2hac
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Figure 7.12: (a) Iabs and Porod fit of PLLA, T c=150 ◦C for 4800 min (b) (-
Iabs + Ps−4 + c1s

2 + c2)s
4w(s) and the fit according to our solution [50], (c) The

cosine transformation of the fit and (-Iabs + Ps−4 + c1s
2 + c2)s

4w(s) in (b) and its
decomposition in three contributions (dashed lines) hc, ha and 2hac
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Figure 7.13: (a) Iabs and Porod fit of P3HB, T c=150 ◦C for 72 h (b) (-Iabs + Ps−4 +
c1s

2 + c2)s
4w(s) and the fit according to our solution [50], (c) The cosine transforma-

tion of the fit and (-Iabs + Ps−4 + c1s
2 + c2)s

4w(s) in (b) and its decomposition in
three contributions (dashed lines) hc, ha and 2hac
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Figure 7.14: (a) Iabs and Porod fit of P3HB, T c=123 ◦C for 150 min (b) (-
Iabs + Ps−4 + c1s

2 + c2)s
4w(s) and the fit according to our solution [50], (c) The

cosine transformation of the fit and (-Iabs + Ps−4 + c1s
2 + c2)s

4w(s) in (b) and its
decomposition in three contributions (dashed lines) hc, ha and 2hac
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Figure 7.15: The crystallinity (X c) of PGA, P4HB, PVl and PPDL vs. temperature
measured by NMR-FID. The red dots were measured at different isothermal crys-
tallization temperatures. The black dots were measured during cooling or heating
process. The crystallization conditions refer to Appendix Table 7.1.
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Figure 7.16: Comparison of 13C spectra of PGA (a), P4HB (b), PVL (c) and PPDL
(d): the amorphous (subscripts a) and crystalline (subscripts c) contributions of
13C spectra are in blue and red, respectively, the total contribution (amorphous and
crystalline) is in black. The inset in each figure shows the assignment of the 13C
peaks.
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Figure 7.17: The dependence of G′ of different polyesters on temperature measured
at the frequency of 10 Hz and the strain of 0.1 %. The red dots were measured
at different isothermal crystallization temperatures. The black dots were measured
during a cooling or heating process. The crystallization conditions refer to Appendix
Table 7.1. PPDL was crystallized for 90 min instead of 60 min at 80 ◦C. HDPE was
crystallized at 123 ◦C for 2 h.
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Figure 7.19: The crystalline component of 1H NMR-FID measurement of medium-
crystallinity polyesters. No change in crystalline line shape with temperatures in these
polymers is observed, indicating no ICD in the fast timescale. The first temperature
in the legend refers to measurement temperature. The second temperature refers to
crystallization temperatures.
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Figure 7.20: SAXS and WAXS of PGA (T c= 200 ◦C, 2 h) and P4HB (T c= 40 ◦C,
2 h) at different temperatures. SAXS and WAXS experiments were carried out in
micro-focus instrument.
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Figure 7.21: SAXS and WAXS of PVL (T c= 40 ◦C, 1 h) and PPDL (T c= 80 ◦C, 1 h)
at different temperatures. SAXS and WAXS experiments were carried out in micro-
focus instrument.
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Figure 7.22: The master curve of P3HB at a reference temperature of 140 ◦C, mea-
sured by DMA (Ares G2). The sample was non-isothermally crystallized, measured
at a strain of 0.1%.



Chapter 8

Summary and outlook

The main motivation of this work was to check whether our proposals from previous
studies [47, 48] regarding the dependence of the morphological features of semicrys-
talline polymers (d c, da, σc and σa) on Intracrystalline Chain Diffusion (ICD) are also
valid in aliphatic polyesters. d c and da are the average crystalline and amorphous layer
thickness, σc and σa are the distribution width of d c and da. We proposed that the
semicrystalline polymers possessing measurable ICD (crystal-mobile polymers) show
typical morphological features: d c > da, σc > σa, while the semicrystalline polymers
possessing no measurable ICD (crystal-fixed polymers) demonstrate another typical
morphological features: d c < da, σc < σa. The measurable ICD refers to ⟨τ c⟩ (the
monomer jump correlation time, which is the average residence time of a monomer in
a given crystal raster position) up to 1 s measured by NMR. If ⟨τ c⟩ is longer than 1 s, it
is not measurable by NMR. The detailed investigations on two commercially available
polyesters, PBS (Poly Butylene Succinate) and P3HB (Poly-3-hydroxybutyrate), re-
veal that PBS is a crystal-fixed polymer and P3HB is a crystal-mobile polymer. Their
morphological features are the same as predicted by our proposals. Through further
investigations of all the other aliphatic polyesters in this work, on one side, we confirm
the generality of our proposals regarding semicrystalline morphology and ICD in the
polyesters. On the other side, we also confirm the robustness of our two methodolo-
gies (NMR and SAXS) and the consistency between them in terms of crystallinity
(X c).

With the reliable determination of the crystallinity (X c) of all the samples in a
broad temperature range (from room temperature to crystallization temperature, T c),
it is quantitatively proved that crystal-fixed polymers show temperature-dependent
X c. X c decreases when temperature increases, and vice versa, due to the formation of
insertion crystallization during cooling and the melting of the corresponding crystals
formed by insertion crystallization during heating. The process of the formation and
the melting of the crystals is temperature-reversible. To make use of the temperature-
dependent X c further, we also reveal that the shear modulus (G’) of all crystal-fixed
polymers investigated in this study has an exponential dependence on X c above T g.
However, the crystal-mobile polymers from this work do not follow this dependence,
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but show lower G’ due to the presence of an αc-relaxation process corresponding to
ICD.

In addition, this work was also motivated by a long-standing question: whether
there are molecular criteria for the presence of ICD in polymers or not. Therefore,
a series of aliphatic polyesters with similar chemical structures were studied. These
samples differ from each other by the number of CH2 groups along the main chain
(N cc) or by the presence or absence of the CH3 group as a side chain. Firstly, we
observe that the aliphatic polyesters with CH3 group as side chain possess measurable
ICD, while their counterparts without the CH3 group as a side chain do not. However,
further investigations are needed, as it is rather difficult to distinguish whether it is
the CH3 group or chain conformation or the combination of both that leads to the
measurable ICD. Secondly, although the aliphatic polyesters containing no CH3 group
as a side chain, with different N cc, do not have measurable ICD, we observe that these
polyesters demonstrate different crystal thickening slopes (determined from a plot
of d c versus crystallization time at an isothermal crystallization temperature). We
consider the difference in crystal thickening slope as qualitative evidence of different
ICDs in the timescale of ⟨τ c⟩ larger than 1 s. The greater the slope is, the faster ICD
is. The slope increases with N cc. The extreme case is PE (possesses very fast ICD),
of which N cc is infinite. As a result of the dependence of ICD (⟨τ c⟩ > 1 s) of the
polyesters on N cc, d c has the dependence on N cc as well. The polymer crystals are
stabilized by d c (larger d c, higher stability). Therefore, the larger N cc is, the higher
the melting temperature (Tm) is. Apart from Tm and d c, we also notice that the
enthalpy of melting (∆Hm,100) is inversely proportional to 1/N cc.

In conclusion, this work successfully proves the generality of our proposals re-
garding semicrystalline morphology and ICD in aliphatic polyesters. An exponential
dependence of G’ of the polyesters without measurable ICD on crystallinity is demon-
strated. We hypothesize that N cc and CH3 are likely to be the molecular criteria for
ICD, with which the dependence of d c and Tm on N cc can be reasonably explained.

A few scientific questions from our study still open for future work. The robustness
of the molecular criteria on ICD of aliphatic polyesters from our hypothesis needs to
be further confirmed. Regarding the hypothesis about the effect of N cc on ICD, it
can be checked by investigating another one or two aliphatic polyesters with rather
large N cc (much more than 15) by NMR, SAXS and DMA measurement. It is also
meaningful to include the new samples into the study, to check the dependence of d c,
Tm and ∆Hm,100 on N cc. To verify the hypothesis about the effect of the CH3 group
as a side chain on ICD, β form crystal of Polyglycol Acid (PGA), which forms helical
chain conformation can be a good candidate for the study (its α form does not possess
measurable ICD). In general, the molecular criteria of ICD for aliphatic polyesters
are our research direction in the future. With the understanding of the criteria, the
synthesis of aliphatic polyesters can be guided to adjust their mechanical properties.
The combination of large elongation at break and high modulus is usually one of
the preferred mechanical properties for many applications, which are often achieved
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by crystal-mobile polymers (PE, PP (Polypropylene), etc.). To replace commodity
plastic in many applications, aliphatic polyesters are supposed to demonstrate similar
mechanical properties. However, due possibly to rather slow ICD or the absence of
ICD, aliphatic polyesters show always short elongation at break. In order to expand
the applications of aliphatic polyesters, the synthesis of aliphatic polyesters with fast
ICD is, very likely, a solution. Of course, we have to admit that the exact mechanism
leading to short elongation at break is quite complex and can be the combination of
several factors, but ICD is an important one of them.
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properties of poly(butylene succinate): Efficiency of different transesterification
catalysts. Journal of Polymer Science Part A: Polymer Chemistry, 49(24):5301–
5312, 2011.

[165] Tao Zhao, Jinshuo Yu, Xingyang zhang, Wenshuang Han, Shuo zhang, Hongwei
Pan, Qingxin Zhang, Xiaoyan Yu, Junjia Bian, and Huiliang Zhang. Thermal,
crystallization, and mechanical properties of polylactic acid (pla)/poly(butylene
succinate) (pbs) blends. Polymer Bulletin, 2023.

[166] Andrew Anstey, Sudhakar Muniyasamy, Murali M. Reddy, Manjusri Misra, and
Amar Mohanty. Processability and biodegradability evaluation of composites
from poly(butylene succinate) (pbs) bioplastic and biofuel co-products from
ontario. Journal of Polymers and the Environment, 22(2):209–218, 2014.

[167] Yasushi Ichikawa, Junichiro Washiyama, Yoshihiro Moteki, Keiichi Noguchi,
and Kenji Okuyama. Crystal transition mechanisms in poly(tetramethylene
succinate). Polymer Journal, 27(12):1230–1238, 1995.

[168] G.M. Liu, L.C. Zheng, X.Q. Zhang, C.C. Li, S.C. Jiang, and D.J. Wang. Re-
versible lamellar thickening induced by crystal transition in poly(butylene suc-
cinate). Macromolecules, 45(13):5487–5493, 2012.



168 BIBLIOGRAPHY

[169] K. J. Ihn, E. S. Yoo, and S. S. Im. Structure and morphology of
poly(tetramethylene succinate) crystals. Macromolecules, 28(7):2460–2464,
1995.

[170] Tadakazu Miyata and Toru Masuko. Crystallization behaviour of
poly(tetramethylene succinate). Polymer, 39(6-7):1399–1404, 1998.

[171] George Z. Papageorgiou and Dimitris N. Bikiaris. Crystallization and melting
behavior of three biodegradable poly(alkylene succinates). a comparative study.
Polymer, 46(26):12081–12092, 2005.

[172] Xiaohong Wang, Jianjun Zhou, and Lin Li. Multiple melting behavior of
poly(butylene succinate). European Polymer Journal, 43(8):3163–3170, 2007.

[173] J. Xu, B. Heck, H.M. Ye, J. Jiang, Y.R. Tang, J. Liu, B.H. Guo, R. Reiter,
D.S. Zhou, and G. Reiter. Stabilization of nuclei of lamellar polymer crystals:
Insights from a comparison of the hoffman-weeks line with the crystallization
line. Macromolecules, 49(6):2206–2215, 2016.

[174] E. S. Yoo and S. S. Im. Melting behavior of poly(butylene succinate) during
heating scan by dsc. Journal of Polymer Science Part B: Polymer Physics,
37(13):1357–1366, 1999.

[175] Christoph Schick, Akihiko Toda, and René Androsch. The narrow thickness
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