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General Introduction

Since 1932, WH. Carothers discovered the method to synthesis Nylon [1], polymer
researches have been developed dramatically. Recently, polymer materials have been
used in many fields from daily usages, biomedical materials to advanced materials such
as car, plane and spacecraft. This is because many polymer show not only low density
and cost, but also good processability, compared with other materials such as metals or

ceramics.

Recently, environmental pollution and global warming are biggest issues. In European
Union, there are legislated the strict regulations about environmental problems and these
restrictions are expected to be stricter. Among them, oil is regarded as the main cause of
environmental problems because of oil depletion and nondegradability. Therefore, many
researches are on the direction of suppressing the use of oil. There are two point of view
for solving these problems. One is where it comes from (origin) and the other is where it
goes (disposal). Oil is limited as a resource and more energy is required for the disposal

of waste because of nondegradability. Both points of view, oil based polymers make more
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Fig. 1. Schematic of recycling biodegradable bio based polymers.
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General Introduction

serious environmental problems. Here, bio based polymers could be one of alternative oil
based polymers. Bio based polymers is synthesized by biomass, and these biomass
materials are derived from tree, grain, and grass, by fermenting sugars or organic acids.
Bio based polymers are paid attention materials as eco-friendly without exhaustion. In
addition, after using bio based polymers, especially with biodegradability, there could be
recycled directly or disposed and be composted again, as shown in Figure 1. Then, there
will be tree, grain and grass again by photosynthesis. Therefore, bio based polymer
materials could be permanent recyclable, and will be good for both origin and disposal

way to conserve the energy.

Among biodegradable bio based polymers, poly(glycolic acid)(PGA, -(CH2COO)m-,
Figure 2) possesses the simplest chemical structure of all aliphatic polyesters [2-9]. PGA
is derived from glycolide obtained by the fermentation of pineapples or sugar cane. PGA
show biocompatibility, biodegradability, hydrolyzability, and high mechanical properties.
In addition, PGA show extremely high melting point (223 °C) than other aliphatic
polyesters, such as polycaprolactone (60°C, PCL) or polybutylene adipate (54°C, PBA).

In addition, in the point of crystal structure, PGA is reported to possess planar zigzag

\hﬁj\of \FHJ\Ot

T
CHs
Poly glycolic acid Poly lactic acid
(PGA) (PLA)

Fig. 2. Chemical structure of poly (glycolc acid) (PGA) and poly (lactic acid) (PLA).
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conformation in the crystalline regions similar to polyethylene (PE) [9]. This extended
planar zigzag conformation could explain the reason of higher mechanical properties of
PGA than other bio based polymers. In fact, PGA has been difficult to mass-produce, so
it was used only limited fields such as biomedical applications, e.g., sutures, drug delivery
systems or bone fixation [5-8]. However, the KUREHA CO., has recently succeeded in
mass-producing PGA. Therefore PGA is now expected to be used in a wider range of
industrial fields [5]. For example, PGA is used as a temporary gauge for drilling shale gas
(natural gas taken from the shale layer), because PGA possess the enough strength for
endure the shale layer and biodegradability. PGA is also used as an antifouling material

for marine organisms.

One of another bio based polymers, poly(lactic acid)(PLA, -(CH2CH(CH3)COOQ),-,
Figure 2) is the most popular biodegradable aliphatic polyester. PLA is synthesized by
ring-opening polymerization of lactide, which is obtained by fermentation of corn starch
or sugar cane [10-12]. PLA also possesses biocompatibility, hydrolyzability, and low
emission of greenhouse gases. Therefore, PLA is very popular material for using not only
in industrial fields, but also in biomedical applications, e.g., sutures and drug delivery
systems [13-18]. In addition, in 1987, Ikada et al. discovered same amount of blend of
poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) crystallized as stereocomplex
[19]. Since then, many procedures for making stereocomplex PLA (scPLA) from PLLA
and PDLA were reported, such as by solution blend, in a solid state blend from the melt,
during polymerizations [20-21]. scPLA is known to show different structure and
properties from PLLA and PDLA. For example, scPLA shows higher melting point
(~230 °C) than those (~180 °C) of PLLA and PDLA. The unit cell of PLLA and PDLA

belongs to pseudo orthorhombic crystal system, which changes into triclinic system when
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Fig. 3. Chemical structure of poly(decamethylene terephthalamide) (PA10T).

stereocomplexation occurs. PLLA and PDLA are reported to possess 103 helical
conformation in the crystal lattice. On the contrary, scPLA possesses 3: helical

conformation, similar to isotactic polypropylene (it.PP) [22].

Poly(decamethylene terephthalamide) (PA10T, Figure 3) is one of another bio based
polymers. PA10T is composed more than 50% of the biomass which is derived from
inedible castor oil. The inedible fat oil is expected to be one of next generation resource
for the bio based polymer. Due to possess high melting temperature (315 ° C), high
crystallinity and high glass transition temperature (~120 ° C), PA10T is expected to be

used as super engineering plastics [23].

As materials, polymers have been used in various fields, because it is easy to control the
properties depending on the purpose of usages. The mechanical or thermal properties, and
surface or interface properties of the polymer are highly related to structure. Among the
structure factors, polymer crystal regions which is partial alignment of their molecular
chains in one direction are crucial factor to compose the structure. These crystalline
regions contribute to the polymer properties directly. Therefore, it is most important to

investigate the exact crystal structure and properties.

The polymer chains are packed as the most stable state in the crystalline regions
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according to the chain axis depending on the polymer. For example, depending on the
crystal constants (the length (a,b,c) and angle (o, B, ) of crystals), there show different
lattice system. Through these constants factor, it is possible to investigate the exact lattice
system, and suggest the exact crystal structure. There are lots of different lattice system,
for example, orthorhombic (a #b # ¢, a =B =y =90°), monoclinic (a#b#c,a=7y=

90°, B #90°) and triclinic (a#b #c, a #p #vy # 90°) and so on.

In this thesis, it is employed the concept of the elastic modulus of the crystalline regions
(crystal modulus). Crystal modulus is one of the most important mechanical properties of
polymers. The crystal modulus in the directions parallel (Ei) and perpendicular (E:) to the
molecular chain axis have been measured by X-ray diffraction [24-29]. The E; value gives
the information about the skeletal conformation, deformation mechanism, and maximum
modulus for the specimen modulus of polymers. The E; values for polymers which is fully
extended planar zigzag conformation in the crystalline regions are 235 GPa for PE and
250 GPa for poly(vinyl alcohol) (PVA), respectively. In contrast, the E; value of isotactic
polypropylene (it.PP) shows 33 GPa, which possesses helical structure in the crystalline
regions. This low E; value of it.PP is due to that helical skeleton is easy to elongate to the
stress direction compared with the planar zigzag one. Generally, three mechanisms

contribute to the molecular deformation: (O bond stretching, @ bond angle bending,
and @ internal rotating around a single bond. The ratio of force contents is 100: 10: 1

for O bond stretching, @ bond angle bending, and @ internal rotating, respectively.

In the case of a planar zigzag skeleton of polymers, the mechanisms of bond stretching
and bond angle bending contribute to the chain extension, which is the reason for the high

E, values of PE and PVA. On the other hand, the E: values are correlated with the
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Fig. 4. The measurement of crystal modulus.

intermolecular interactions and anisotropies induced by van der Waals force, dipole-

dipole interaction, and hydrogen bonding.

The crystal modulus has been measured by X-ray diffraction method. The strains in the
crystalline regions is estimated by the changes in lattice spacing induced by the constant
stress applied. From the interplanar distances under and after released stress, lattice strain
was obtained (Figure 4). When using X-ray diffraction method, the crystalline state such
as crystallite size, crystallinity are known not to effect the crystal modulus, because X-
ray diffraction could detect only specific reflection of crystallite. The crystal modulus is
determined as the elastic modulus when polymers are assumed to be 100 % of
crystallinitiy. This is one of the advantage point of using X-ray. In this thesis, crystallite
size, crystallinity, orientation of polymers are characterized. However, these are only as

polymer properties, which were prove to be no influence on the crystal modulus.

Polymers are required to show high mechanical properties at very low temperature in
order to be used in the nuclear and aerospace industries. The crystal modulus at cryogenic

temperature gives the information about the skeletal conformation and deformation
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mechanisms purely based on the elastic energy of polymer crystal, excluding the thermal
effect. Nishino groups reported the E; values of various polymers from low to high
temperatures to discuss the thermal molecular motion in the crystalline regions. The
investigations of the E; values for atactic PVVA [28] and nylon-6 [29] revealed significantly
depend on temperature, which is affected by incoherent thermal molecular motions in the

crystalline regions.

Moreover, for extending the application fields of polymer, Nanoscale fibers (nanofibers)
were investigated recently. In a past few decades, nanoscale materials are the subject of
extensive worldwide researches. Because of their novel functionality and high
performance, nanoscale materials were discussed not only in academia but also many
different types of applications are attempted within the textile, aerospace industry and so
on. Nanofibers show high specific surface area and low structural defects.
Electrospinning (ES) is well known as a low cost but effective method to produce polymer
nanofibers [30-31]. It is a unique approach using electrostatic forces to produce fibers
from polymer solutions or molten polymers, and the spun nanofibers possess a smaller
diameter and larger surface area than those obtained from conventional spinning process.
Thus, ES became well-recognized method and has already created interesting
applications in drug delivery system, wound dressing, scaffolds in tissue engineering, and
sensors in electronics [32-33]. In general, ES is used to make nonwoven fabric. However,
this thesis employed one distinguished different point. Instead of using flat plate collector,
it is used a rotating drum collector, which make fibers well-aligned. Then, aligned
nanofibers could be uniaxially drawn under heating to promote crystallization and

uniaxial molecular orientation, which is expected to result in higher mechanical properties.
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In this thesis, the crystal modulus of bio based polymer PGA and PLA were evaluated
by X-ray diffraction, and the skeletal conformation, deformation mechanism, maximum
modulus, intermolecular interaction and anisotropy with temperature dependence were
investigated. Based on the information on the maximum modulus of PGA, PGA
nanofibers were prepared and compared the properties in order to achieve the maximum
modulus. In fact, the crystal modulus of PLLA were reported by many papers, but those
of PDLA, scPLA, especially about PGA, are not reported yet. In addition, for PA10T, the
crystal lattice constant is needed to measure the crystal modulus. Therefore, crystal lattice
constant was determined first, then the crystal modulus was investigated. Concerning
these contents, this thesis was divided into four chapters, and explaining in detail as

following:

Chapter 1 is concerned the crystal modulus E; and E; of PGA by X-ray diffraction. And
it is investigated the ralationships among the mechanical properites in the crystalline
regions. The skeletal conformation is formed to be contracted conformation in the
crystalline regions, and the intermolecular interaction is higher than other polymers with
temperature dependence for PGA. In addition, the reason of high melting point of PGA

is explained from mechanical point of view.

Chapter Il is concerned the highly oriented PGA nanofibers by electrospinning collected
on a rotating drum in order to make fibers well-aligned. Well-aligned nanofibers were
also possible to make uniaxial orientation of molecular chain by uniaxial drawing and
annealing. Then, PGA nanofibers are expected to show high mechanical properteis and
approaching to maximum modulus. Therefore, the structure and properties of the well-

aligned and well-oriented PGA nanofibers were evaluated.

10



General Introduction

Chapter 111 is concerned the crystal modulus E; and E; of PLLA, PDLA, and scPLA by
X-ray diffraction. It is investigated the difference of crystal modulus of PLLA, PDLA and
scPLA by mechanical point of view. Then, scPLA was shown to possess different
strucutre and properties from PLLA and PDLA, as higher melting point and higher
mechanical properteis. In addition, the skeletal structure, intermolecuar cohesive energy
of PLLA, PDLA and scPLA were discussd. As a result, the intermolecular interaction of
scPLA was higher than those of PLLA and PDLA, even PLAs and scPLA possess van der
Waals intermolecular interaction. In this chapter, the reason of higher melting point of

scPLA was explained from mechanical point of view.

Chapter IV is concerned with structure and properties of PA10T. PAL10T crystal lattice
was investigated by X-ray diffraction method, for the meridional and equatorial directions.
Then, using the information of obtained crystal lattice, crystal modulus E; were
investigated. In addition, not only crystal properties, but also bulk properties and surface

properties were reported in this thesis.
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Chapter 1

1.1 Introduction

Poly(glycolic acid)(PGA, -(CH2COO)m-) is the simplest aliphatic polyesters as one of
bio based polymer [1-9]. PGA is derived from glycolide fermented by pineapples or sugar
cane. PGA show biocompatibility, biodegradability, hydrolyzability, and high mechanical
properties. Noteworthy, PGA possesses extremely high melting point (223 °C) than other
aliphatic polyesters, such polycaprolactone (60°C) or polybutylene adipate (54°C). PGA
has been difficult to mass-produce, so it was used only limited fields. However, the
KUREHA CO., has recently succeeded in mass-producing PGA, so PGA is now expected

to be used wide industrial fields [10].

PGA is reported to possess planar zigzag conformation in the crystalline regions, and
similar structure of polyethylene (PE) [9]. This extended planar zigzag conformation
could explain why PGA possess high mechanical properties compare with other bio based

polymers.

The crystal modulus is one of most important mechanical properties of polymers. The
crystal modulus in the directions parallel (E|) and perpendicular (E:) to the chain axis have
been measured using X-ray diffractions [11-16]. These crystal modulus gives us
information about not only the skeletal conformation, deformation mechanism, maximum
modulus, but also intermolecular interactions such as van der Waals, hydrogen bonding,
and dipole-dipole interactions together with their anisotropies. Also, the crystal modulus
at cryogenic temperature gives us information about the skeletal conformation and

deformation mechanisms purely based on polymer crystal, excluding the thermal effect.

In this chapter, using X-ray diffraction method, measured the E; and E: values of PGA,

and then investigated the relationships among the mechanical properties in the crystalline

17
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regions, the skeletal conformation of molecular chains, and the intermolecular
interactions. In addition, the melting point is defined as the change in melting entropy
(4S) and melting enthalpy (4H), 4HIAS. The E; and E; values can correlate with 45 and
AH, respectively. It is possible to expect to use the E; and E; values to reveal the reason
for the high melting point of PGA from a mechanical point of view. Furthermore,
temperature dependence of the crystal modulus was also investigated to examine the

thermal properties of the crystalline regions of PGA.

1.2. Experimental

1.2.1. Sample Preparation

PGA pellets were kindly supplied KUREHA CO., (KUREDUX B35@ ). PGA pellets
were hot-pressed at 523 K, following by quenching in ice water. A PGA film (film thick :
26 pm) was uniaxially drawn 4 or 6 times its original length (20 mm) at 323 K. Then,
drawn film was annealed at 383 K or 453 K for 10 min at a constant length. PGA film is
generally hard to draw due to its fast crystallization, but by rapid drawing just after

guenching, it was succeeded at attaining a high draw ratio, prior to crystallization starting.

1.2.2. Characterization

The densities d of the drawn and annealed PGA films were measured by a floatation

method, using benzene and carbon tetrachloride system at 303 K.

The mechanical properties of drawn and annealed PGA films (2 mm wide and 20 mm

long) were measured at an extension rate of 2 mm/min using an Autograph AGS-1kND

18
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tensile tester (Shimadzu) at 300 K. The cross-section was prepared by cutting the film and
the cross-sectional area was evaluated from the density, weight, and length of the sample.
The means and standard deviations were calculated for the macroscopic specimen
modulus (Y1), tensile strength (omax), and elongation at break (emax) measured minimum

five samples.

The melting point (Tm) and 4H of PGA were measured using a differential scanning
calorimeter (Rigaku Co., DSC 8230) with a sample weight of 5 mg, with heating rate of
5 °C/min. T and 4H were determined as the peak temperature and area of the whole
melting endotherm, respectively. PGA crystallinity X. was evaluated with the following

equation (1.1).

Xe=AH | AHy (1.1)

where AHo = 135 J/g for 100 % crystallinity [17].

The PGA dynamic viscoelastic properties (20 mm long) were measured using a dynamic
mechanical analyzer (DVA-220S, ITK Ltd.) at a heating rate of 6 K/min and a frequency
of 10 Hz. A tensile deformation of 0.25 % was applied to the sample. Also, the
temperature of the most intense relaxation peak on the tan 6 versus temperature curve was

defined as the glass transition temperature Tg.

X-ray diffraction photographs were recorded on an imaging plate, a camera length of 72
mm. The specimen was irradiated perpendicular to the fiber axis with the CuKa radiation

generated by a Rigaku RINT-2000 for 30 min, operating at 40 kV and 20 mA.

To obtain the crystallite size Dna, the observed profiles for the (hkl) planes were

corrected for the instrumental broadening according to the following equation (1.2).

19
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f2=B2-h? (1.2)

where f is the pure integral width of the reflection, B and b are the integral widths of the
reflection for the drawn and annealed PGA films and a standard sample (0.89),
respectively. The correction for the doublet, CuKa/ and CuKa2, broadening was
calculated by the Jones method [18]. Finally, Dna were calculated using the Scherrer

equation (1.3).
Dhki= A/ fcos 0 (1.3)
where 0 is the Bragg angle of the reflections, and A is the X-ray wavelength (1.54A).
The degree of the crystallite orientation © was defined by the equation (1.4)
n=(180-H*®)/180 (1.4)

where H° is the half-width of the intensity distribution curve for the equatorial 110

reflection of PGA along the Debye-Scherrer ring.

1.2.3. Elastic Modulus of the Crystalline Regions

The lattice extension under a constant load was measured by means of an X-ray
diffractiometer equipped with a stretching device and a load cell. (Figure 1.1 show X-ray
diffraction profiles for the (002) plane of PGA not loading, 380 MPa loading and after
unloading at 300 K, for example.) The strain € in the crystalline regions was estimated

using the equation (1.5):

20
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PGA
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20

Fig. 1.1 X-ray diffraction profiles for the (002) plane of PGA
not loading, 380 MPa loading and after unloading at 300K.

e=Ad 1 do (1.5)

where do denotes the initial lattice spacing, and 4d is the change in lattice spacing induced
by a constant stress. The experimental error in measuring the peak shift was evaluated

ordinarily to be less than £0.01 © at a 20 angle.

The stress o in the crystalline regions was assumed to be equal to the stress applied to
the sample. This assumption of a homogeneous stress distribution has been proven

experimentally for PE and cellulose [19-20].
The crystal modulus E; and E; were calculated by the equation (1.6)
Eit=o01t/ et (1.6)

where subscripts | and ¢ mean the direction parallel and perpendicular to the chain axis ,

21
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respectively.
The measurements have been described in more detail in Nishino Laboratory

publications [11-16, 19-23].

Crystal modulus measurements at cryogenic temperature were performed with a
cryogenic cell (lwatani Industrial Gases Corp. Ministat CRT-006-7000, Figure 1.2)
constructed in Nishino laboratory [23]. In these measurements, a stretching device and a
load cell were combined with a cryostat cell and mounted on an X-ray goniometer.
Helium gas was compressed and transported into the cold head attached to the top of the
cryostat cell. Then, helium was adiabatically expanded, so the cold head was cooled to a
cryogenic temperature of 13 K. The samples were clamped to the stretching device under
a vacuum and cooled by thermal conduction via the clamp connected to the cold head.

Full details are described elsewhere [21-23].

Cold Head
% . —R:: Helium Gas
A
=

X-ray

Thermocouple

Fig. 1.2 Schematic diagram of X-ray diffraction apparatus with a stretching device for the

measurement of crystal modulus at cryogenic temperature.
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1.3. Results and Discussion
1.3.1. Sample Characteristics

Figure 1.3 shows X-ray fiber photograph of drawn (6 times) and annealed PGA film at
300 K. PGA crystallites were highly oriented along the drawn direction and highly

crystallized.

Figure 1.4 shows equatorial and meridional X-ray diffraction profiles of drawn (6 times)
and annealed PGA film at 300 K. On the basis of the reported crystal lattice of PGA
(orthorhombic, a =5.22 A, b =6.19 A, ¢ (fiber axis) = 7.02 A) [9], the diffraction peaks
was indexed as shown in the figure. Meridional 002 and 006 reflections were used to
measure the E; values, equatorial 110 and 020 reflections were used to measure the E:
values, respectively. Drawn and annealed PGA films in this study were more highly

oriented and highly crystallized than the sample reports by Oca et al.[17].

Fig. 1.3 X-ray fiber photograph of drawn (6 times) and annealed PGA film at 300 K.
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Fig. 1.4 Equatorial and meridional X-ray diffraction profiles of drawn (6 times) and
annealed PGA film at 300 K.

Table 1.1 shows crystallite orientation, crystallinity, crystallite size, melting point T,
Young’s modulus Y, tensile strength omax and elongation at the break emax of drawn and
annealed PGA films. Annealing process was prepared at 110 °C for 10 min. The drawn
(6 times) and annealed PGA films showed a high degree of the crystallite orientation and
high crystallinity. The crystallite size for the 006 reflection, melting temperature and Y,
value increased as draw ratio increased. It is noteworthy that a microstructural change of

only a few percent caused to double for the Y, value.
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Table 1.1 Crystallite orientation, crystallinity, crystallite size, melting point Tm, Young’s

modulus YI, tensile strength o and elongation at the break £ of drawn and annealed

PGA. Annealing was prepared at 110 °C, 10 min.

PGA A=4 @50°C A=6 @50°C
Crystallite orientation 0.950 0.955
Crystallinity (%) 62.7 69.7

Crystallite size (A)

(002) 80 178
(006) 54 74
(110) 119 122
(020) 45 45
T, (°C) 221 223
Y, (GPa) 10 20
o (MPa) 294 548
Emax (%) 18 12

1.3.2. Crystal Modulus E|

Figure 1.5 shows the stress-strain curves of various conditions drawn and annealed PGA
films at 300 K. All the plots could be expressed with a straight line with the same
inclination through the origin, and the lattice extensions were always reversible. The
inclination of this line gave the crystal modulus E,, and the E; value of PGA show 104

GPa at 300 K.
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Fig. 1.5 Stress-strain curves of various conditions drawn and annealed PGA films at 300 K.

The E) value (104 GPa) of PGA resembles that (108 GPa) of poly(ethylene terephthalate)
(PET), however, it is much lower than that (235 GPa) of PE as a fully extended planar
zigzag conformation in the crystalline regions [19]. If the PGA skeleton is fully extended
planar zigzag conformation as reported, the E, value of PGA should be as same as that of
PE. In fact, when the E, value by Treloar’s method [24-25] for the fully extended planar
zigzag skeleton of PGA by using reported bond lengths, bond angles and these force

constants, the calculated value was 237 GPa, which is almost equal to that of PE.

This study use both 002 and 006 reflections for the lattice strain measurements, when
Oca et al. [17] reported the crystal modulus of 77 GPa for PGA using only the 002
reflection. When using X-ray diffraction method, the 0.01° error in 26 measurements

corresponds to 0.0387 % for the 002 reflection and 0.009 % for the 006 reflection,
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Fig. 1.6 Stress-strain curves for the (006) plane of PGA at various temperature.

respectively, thus this study show higher reliability. Oca et al. also calculated the E, value

of 294 GPa for planar zigzag conformation, but that a low observed E; value of PGA is

attributed by inhomogeneous stress distribution. However, as surely shown in Figure 1.5,

the same crystal modulus E; for PGA with different microstructures supports the

homogeneous stress distribution.

Figure 1.6 shows stress-strain curves for the (006) plane of PGA at various temperature.

From the initial inclination, E; value was calculated and shown in figure, respectively. At
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13 K, the E; value was 145 GPa, indicating a 40 % increment above that 104 GPa at room
temperature. The inclinations of stress-strain curves are risen up gradually, when
temperature increasing. And higher temperatures, the E; values decreased and reach to 98

GPa at 400 K. PGA show temperature dependence for E, value.

Figure 1.7 shows the temperature dependence of the crystal modulus E;, and chain
contraction from planar zigzag for the (006) plane of PGA, together with a mechanical
tan o of drawn and annealed PGA film. PGA show temperature dependence for crystal
modulus and contraction of the fiber period. From figure, the temperature dependence of

the E; values show similar trend of the contraction of the fiber period. Even at 13 K, the

160 20 402

140

120

contraction (%)
=
tan &

100

Crystal modulus £ (GPa)

o2
o

L L L -2.6 Jdo
100 200 300 400

o

Temperature (K)

Fig. 1.7 Temperature dependence of (O) the crystal modulus E|’ () chain contraction from

planar zigzag for the (006) plane and () mechanical tand of drawn and annealed PGA film.
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PGA chain did not reach a fully extended state but contracted approximately 2.4 %. This
suggests the PGA skeleton is intrinsically contracted in the crystalline regions, through
the internal rotation. It could be clearly manifested by the E; measurement, though this
contraction might be negligibly small when evaluated from X-ray fiber patterns. Oca et
al. [26] also suggested the skeleton of PGA is contracted from planar zigzag conformation

by nuclear magnetic resonance (NMR) measurements, which supports this results.

The abrupt change of both the E; values and chain contraction of PGA were observed
around 200 K. Being accompanied with these changes, mechanical tan 6 changed around
200 K, which suggests the molecular motion in the crystalline regions of PGA was
activated around 200 K. In general, the molecular motion of a polymer is referred as «, f,
y relaxation from high to low temperatures. In figure 1.7, the tan & peak around 330 K
could be said o relaxation, in other word, the glass transition temperature of PGA
(approximately 50 °C measured by DSC). Then, the tan & peak around 200 K would be g

relaxation.

In order to compare the rigidity of a chain skeleton itself while eliminating the cross-
sectional area effect, here use the f-value, the force required to stretch a molecule by 1 %,
calculated from the E; value and the cross-sectional area (16.15 A?) of one molecule in a

crystal lattice.

Figure 1.8 shows the relationship between the contraction from planar zigzag molecular
conformation and the f-values of polyesters and poly(a-olefin)s. Table 1.2 shows the E;
values and f-values of PGA, PET, and PE at 13 K and 300 K, for comparison. As the chain
contraction increases, the f-value decreases for both polyesters and poly(a-olefin)s. In

addition, this trend is manifested much more for polyesters than poly(a-olefin)s. This is
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Fig. 1.8 Relationships between contraction from planar zigzag molecular

conformation and the f-value of polyesters, and poly(a-olefin)s.

due to the force constant for the deformation of ester groups (C-O-C) being smaller than

that of carbon-carbon linkages (C-C-C).

The observed f-value of PGA is 1.68 x 1071° N, and fit into the line for polyesters, which
is much smaller than that (4.28 x 1071° N) of PE and even smaller than that (2.20 x 107°
N) of PET. PGA shows a smaller f-value due to a smaller cross-sectional area than PET

(20.40 A?), although PET and PGA show similar E, values at 300 K.

Accordingly, as mentioned above, PGA skeleton is not fully extended but possesses
contracted conformation in the crystal lattice. It need to figure out the chain contraction

by kinked chain model of PGA, as like PE [19] and ethylene-vinyl alcohol copolymer
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Table 1.2 The EI values and f-values of PGA, PET, PE at 13 K and 300 K.

E, f-value
GPa 100N
13 K 300 K 13K 300 K
PGA 145 104 2.34 1.68
PET 108 108 2.20 2.20
PE 235 235 4.28 4.28

(EVA) [27]. For PE and EVA, their chain contraction were very small (around -0.1 % to
-0.6 %), from the fully extended zigzag conformation. In these cases, drastic changes of
the E; value could be explained using kinked chain model, where small amount of defect
largely influenced the E; value. However, PGA skeleton has already largely contracted (-
2.4 %) even at cryogenic temperature. Then the thermal contraction changed up to -2.6 %
at 400 K. In the case of PGA, kinked chain model effect is not enough to explain the
changes of the chain contraction and temperature dependence of the E; value
simultaneously. Therefore, we considered that the kinked chain model is not suitable for

PGA.

In addition, the low E; value is considered to cause small melting entropy 4S5, which

contributes to the increase of T, of PGA.
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1.3.3. Crystal Modulus E;

Figure 1.9 show the stress ¢ - strain € curves for the equatorial orange (110) and blue
(020) planes of PGA at (open circles) 300 K and (filled circles) 13 K, respectively. The
curves for the reflections could be expressed with a straight line through the origin, and
the lattice extensions were always reversible. The E; values of PGA were 7.3 and 5.8 GPa
for the (110) and (020) planes at room temperature, respectively. The E; value (7.3 GPa)
for the (110) plane of PGA is noticeably higher than that (4.3 GPa) of PE only based on
van der Waals intermolecular interaction, and resembles that (6.6 GPa) of PVA based on
intermolecular hydrogen bonds and that (9 GPa) of polyoxymethylene (POM) based on
dipolar-dipolar interaction. These results suggest PGA possess strong intermolecular

interactions in the crystal lattice.

The inclination stress o - strain € curves in Figure 1.9 decreased as temperature decreased,

which reveals the E; value increased around 1.5 times at 13 K compared with those at

(110) (020)

0.9 0.9
E,=7.3 GPa _

X 06 0.6 @ 300 K
c
= o
g 0.3 + 0.3 F
» E, =12 GPa E =7 GPa

0 @13 K 0 @13 K

0 20 40 60 80 0 20 40
Stress (MPa)

Fig. 1.9 Stress-strain curves for the (110) and (020) planes of drawn and annealed
PGA film at 13 K and 300 K.
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room temperature. Therefore, temperature dependence act in not only the chain direction

but also the intermolecular direction in the crystalline regions of PGA.

Figure 1.10 shows the tem temperature dependence of the lattice spacing for the (110)
and the (020) planes of PGA from 13 K to 300 K. As temperature increased, the lattice
spacing for both planes expanded. These results suggest intermolecular interaction for
both plane decreased as temperature increased, which is considered to result in the
decrease of the E: values. In addition, during thermal expansion, inflectional points are
observed around 200 K for both planes. Across 200 K, the thermal expansion coefficient
(o) changed approximately 3 times as shown in the figure. Accompanied by the crystalline
dispersion in macroscopic tan 6 shown in Figure 1.7, the molecular motion in the
crystalline regions enhanced around 200 K, which results in the temperature dependence

of both Ej and E; of PGA.

(110) (020)
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I -

e a (200 K ~ 300 K) 91(52’10 K1 0-§0K9 K)

2 174X 10° K- i

Q

S 4.0 3.1

(/2]
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S a (13 K~200 K) a (13 K~200 K)

K io :2.8>$10' K; :3.7x10°K"

. 3.0 .
0 100 200 300 0 100 200 300
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Fig. 1.10 Temperature dependence of the lattice spacing for (O) (110) and (@) (020)

plane of PGA from 13 K to 300 K.
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Table 1.3 summarizes the E; values at 13 K and 300 K, melting points and thermal

expansion coefficients o of PGA, PVA[15], and high density polyethylene (HDPE) [19],

for comparison. The a value for the 020 reflection was higher than that for the 110

reflection at all temperatures. Sato et al. [28] and Pan et al. [29] measured the lattice

parameter using 110 and 020 reflections from room temperature to high temperature.

They also observed that the 020 reflection shows larger thermal expansion than the 110

reflection. These results reliably explain that the 110 reflection gave higher E: value than

the 020 reflection. In addition, they suggest that the 110 reflection possesses hydrogen

bonding between the C-H...O interactions, among polymer chains in the crystalline

regions, using IR spectroscopy, quantum mechanical and natural bond orbital (NBO)

calculation methods.

Table 1.3 The Et values at 13 K, 300 K, melting point Tr and thermal expansion

coefficient a of PGA, PVA and HDPE.

E
t T, a
13K 300K
GPa °C 105 K1
PGA
2.8 (13 K~ 200 K)
(110) 12 7.3
7.1 (200 K ~ 300 K)
223
3.7 (13K~ 200 K)
(020) 7 5.8
10.4 (200 K~ 300 K)
PVA
(200) 17 6.6 230 5.9 ( 200 K ~ 300 K)
HDPE
(200) 11 3.2 135  11.8 (200 K ~ 300 K)
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The cross-sectional area (16.15A2) of one molecule in the crystal lattice PGA is smaller
than that of PE (18.24A2%). This shows highly closed packing of PGA chains in the
crystalline regions. This also contributes to high density (1.54 g/cm®) and higher E; value

for PGA than for PE.

Figure 1.11 shows the anisotropies of the crystal modulus E; values at 13 K and 300 K,
together with those of a (13 K ~ 300 K) projected on the chain packing in the ab plane of

the PGA crystal lattice. PGA possesses high anisotropy in the direction perpendicular to

/// 2
/7 @;0 E, (13K) )
- ec E, (300K)
— = ;Hbond o (13 K~300K)
(2 x 105 K1)

Fig. 1.11 Anisotropy of crystal modulus Et and thermal expansion coefficient a in the

ab plane of PGA at 13 K and 300 K.
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the chain axis. The E; value of the (110) plane was higher than that of the (020) plane as
shown in the figure. In contrast, the « value of the (020) plane is larger than that of the
(110) plane. These results reveal that the microscopic mechanical properties of the

molecular chain correlate with thermal properties.

The E; values of PGA were quite high, which may cause high melting enthalpy 4H. As
described above, the low E; value is suggested to cause low entropy 4S5 of PGA. Therefore,
both the high E: value (increase of enthalpy 4H) and the low E; value (decrease of entropy
AS) are considered to contribute to the high melting point of PGA from a mechanical point

of view.
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1.4. Conclusions

Crystal modulus in the directions parallel (Ei) and perpendicular (E;) to the chain axis of
poly(glycolic aicd) (PGA) were measured by X-ray diffraction. The crystal modulus E,
shows a PGA skeleton is not fully extended but contracted from a planar zigzag one. The
Ei value of PGA shows temperature dependence from cryogenic temperature to high
temperature. Around 200 K, abrupt changes of both E, values and chain contraction were
considered to be caused by molecular motion in the crystalline regions. The high crystal
modulus E: suggested high intermolecular interaction acts between PGA chains. Both the
low E, value and high E; value are considered to contribute to the high melting point of

PGA.
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2.1 Introduction

Poly(glycolic acid)(PGA, -(CH2COO)m-) possess biocompatibility, biodegradability,
hydrolyzability, and high mechanical properties. However, PGA had been used in limited
field due to difficulty in mass production, such as biomedical applications such as sutures,
bone fixation devices, and drug delivery carriers [1-5]. Recently, PGA has succeeded to
develop the skill to mass production, then it will be expected to be useful high

performance material more in the future.

Drawing process is effective method to make film or fiber oriented. After drawing then
annealing, materials show well oriented and well crystallized, from amorphous state to
crystalline state. However, PGA has been reported to be hard drawing polymer because
of fast crystallization. If PGA can be drawn, it is expected to show higher mechanical and

thermal properties.

In a past few decades, nanoscale materials are the subject of extensive worldwide
researches. Because of their novel functionality and high performance, nanoscale
materials were used not only academia but also many different types of applications
within the textile, aerospace industry and so on. Nanoscale fibers (nanofibers) show high
specific surface area and low structural defects. Electrospinning (ES) is well known as a
low cost but effective method to produce polymer nanofibers [6-10]. It is a unique
approach using electrostatic forces to produce fibers from polymer solutions or molten
polymers, and the spun nanofibers possess a smaller diameter and larger surface area than
those obtained from conventional spinning process. Thus, ES became well-recognized
method and has already created interesting applications in drug delivery system, wound

dressing, scaffolds in tissue engineering, and sensors in electronics [11-14]. In general,
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ES is used to make nonwoven fabric.

Here, it is basically used ES technique but there is one distinguished different point in
this study. Instead of using flat plate collector, used a rotating drum collector, which make
fibers well-aligned. Then, aligned PGA nanofibers could be uniaxially drawn under
heating to promote crystallization and uniaxial molecular orientation, which is expected

to result in higher mechanical properties.

In this study, we prepared PGA nanofibers using electrospinning with rotating drum
collector to align fibers. As spun PGA nanofibers were then drawn and annealed in order
to well-orient and well-crystallize the nanofibers. We investigated the relationship

between structure and mechanical properties of PGA nanofibers.

2.2. Experimental

2.2.1. Materials

PGA pellets were kindly supplied from KUREHA CORPORATION (KUREDUX
B35®@ ). PGA pellets were hot-pressed at 523 K, following by quenching into ice water,
in order to make PGA film, first. PGA films are well dissolved in solvent than PGA pellets,
due to the difference crystallinity and surface area, so make the film first and then
dissolved. PGA films were dissolved in hexafluoro isopropanol (HFIP, Nacalai Tecque,

Inc.) at room temperature overnight.

2.2.2. Sample preparation
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For getting PGA cast film as a reference, PGA / HFIP solution (9 wt%) was cast in petri
dish, then dried for 48 h at room temperature. PGA nanofibers were electrospun using
rotating drum collector (MECC, Ogori, Japan, Figure 2.1.a)). The distance between the
needles tip and collector was 15 cm and the applied voltage over the gap was 15 kV. The
ambient temperature and humidity were 20-25 °C and 20-40 %, respectively. Disposable
needle (the inner diameter: 0.44 mm) was used. PGA solution (9 wt%) was fed by syringe
pump with flow rate of 1.0 mL/h. Electrospun fibers were collected onto rotation drum
collector whose diameter was 20 cm with the rotating speed of 1000 rpm. These collected
PGA nanofibers were aligned. Then, PGA nanofibers could be drawn 4 times at 50 °C
with drawing rate of 1 cm/min, with 1 cm the initial length of PGA nanofibers. After
drawing, PGA nanofibers were annealed at 110 °C for 30 min with the constant length

(Figure 2.1.b)).

2.2.3. Characterization

Scanning electron microscope (SEM) observation was performed to study the surface
morphology of nanofibers with a JSM-5610LSV (JEOL Ltd., Japan), at an accelerating

voltage of 15 kV. Pt/Pd was deposited on the surface prior to the observation.

X-ray fiber photographs were taken using the CuKa radiation at 40 kV, 20 mA. The X-

ray beam was irradiated perpendicular to the nanofibers. Exposure time was 30 min.

The tensile test was conducted using a tensile tester (Autograph AGS-1kND (Shimadzu
Co.)) with a cross head speed of 1 mm/min. More than five specimens were tested with

the initial length of 10 mm. The cross-sectional area was determined from the density
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(floatation method with tetrachloromethane / benzene system at 30 °C), weight and length.
The Young’s modulus was calculated by initial inclination of stress-strain curves with the

same method described in Chapter 1.

a) Apparatus
. ‘m° PGA/HFIP
Syringe I 9 wt% solution
I "' ---T -----
High 15 cm
voltage
L
: |

— Collector
1000 rpm

Rotating drum collector

b) Schematic process

Drawing Annealing

{P
A=4
11 cm ‘—> \—>
1 cm/min 110 °C
50 °C 30 min
<+
Nanofibers

Fig. 2.1 a) Apparatus of electrospinning and b) schematic process of drawing and

annealing of PGA nanofibers.
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2.3. Results and Discussion
2.3.1. Nanofibers

Figure 2.2 show SEM images of as spun nanofibers and drawn & annealed nanofibers
of PGA. PGA as spun nanofibers were smooth and well-aligned by optimizing spinning
conditions such as voltage, solution feed rate and rotational speed of the drum collector.
The fiber diameter was approximately 1.3 um for as spun nanofibers. After drawing 4
times and annealing, the diameter became approximately 800 nm.

Figure 2.3 shows X-ray diffraction profiles and X-ray fiber photographs of cast film, as
spun nanofibers and drawn & annealed nanofibers of PGA. For the PGA cast film, the
reflection appeared as amorphous and an isotropic and diffuse scattering, indicating the
cast film was not aligned, neither oriented. On the other hands, as spun PGA nanofibers
showed two sharp peaks and ring-like diffuse scattering, indicating partially crystallized
but randomly oriented. Furthermore, drawn & annealed PGA nanofibers revealed the

sharper peaks than as spun nanofibers and well oriented crystalline reflections on the

Drawn & annealed
nanofibers

As spun nanofibers

<€

Rotating direction

Fig. 2.2 SEM images of as spun nanofibers and drawn & annealed nanofibers of PGA.
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Fig. 2.3 X-ray diffraction profiles and X-ray fiber photographs of cast film, as spun

nanofibers and drawn & annealed nanofibers of PGA.

equatorial direction. These suggest that PGA molecular chains were well packed and the
crystallites were oriented by the drawing and annealing.

The degree of crystallite orientation (IT) of PGA as spun nanofibers and drawn &
annealed nanofibers were evaluated by following equation (2.1).

7= (180 - H%)/180 (2.1)

where, H® is the peak width at half maximum in the intensity distribution profile along
the Debye-Scherrer ring. The degree of the crystallite orientation was 0.88 for the 110

reflection for as spun nanofibers. This increased to 0.98 for drawn & annealed nanofibers.
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It shows high crystallite orientation was attained by increasing draw ratio.

2.3.2. Mechanical properties

Figure 2.4 show stress-strain curves of cast film, as spun nanofibers and drawn &
annealed nanofibers of PGA. Young’s modulus (Y)), tensile strength (omax,) and elongation

at break (emax) were summarized in Table. First, Y; and omax,0f PGA as spun nanofibers

200 F

Drawn & annealed
nanofibers

o 150 F

o

2

% 100 F

% As spun nanofibers

50 1
Cast film
0 1 1 1 1

0 20 40 60 80 100
Strain (%)

PGA YI O max € max

GPa MPa %
Cast film 0.5 13 3.8
As spun nanofibers 1.3 57 95.5

Drawn & annealed

. 6.8 201 7.0
nanofibers

Fig. 2.4 Stress-strain curves and mechanical properties (Young’s modulus (Y)),
maximum stress (Omax), maximum strain (€max)) of cast films, as spun nanofibers and

drawn & annealed nanofibers of PGA.
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were found to be 2.6 times and 4.3 times higher than those of PGA cast film, respectively.

It is due to nano size effects, that is, high surface area and less defects in nanofibers.

Second, drawn & annealed nanofibers showed higher Y, and omax, Which were found to
be 5.2 times and 3.5 times higher than those of PGA as spun nanofibers, respectively. In

usual, polymer show higher mechanical properties after drawing and annealing, because

of highly properties after drawing and annealing, because of highly orientation and high

crystallinity.

Figure 2.5 show Normalized values of Young’s modulus, tensile strength and elongation
at break of cast films, as spun nanofibers and drawn & annealed nanofibers of PGA. The
drawn & annealed nanofibers increase Y| for 13.6 times and omax for 15.4 times, compared

with cast film, respectively. Using rotating drum collector, PGA nanofibers were well

30
W Cast film
g M As spun nanofibers
©
> 20 f
S _
N 13 times fofimes 25 times
©
£ 10 | r / (
[ -
o)
. \
1
Young’s Tensile Elongation
Modulus Strength at break

Fig. 2.5 Normalized values of Young’s modulus, tensile strength and elongation at

break of cast films, as spun nanofibers and drawn & annealed nanofibers of PGA.
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aligned, and then drawing & annealing nanofibers become well oriented and crystallized.
In addition, compared with cast film, the PGA nanofibers increase emax for 25 times. This
suggest that the PGA nanofibers prepared by electrospinning could control the properties

for the needs, such as high mechanical properties or flexibility.

Figure 2.6 show relationship between the crystallite orientation and Young’s modulus
(Y1) of cast film, as spun nanofibers, and drawn & annealed nanofibers. The orientation
(o) was calculated by equation (2.1), then normalized to percent (%). The Y, (A)

increased with increasing the orientation. The orientation drastically increased for as spun

—
-
o

60

40

20

=N
Young’s modulus (GPa)

Crystallite orientation (%)

Cast As spun Drawn &
film nanofibers annealed
nanofibers

Fig. 2.6 Relationship between (o) orientation and (A) Young’s modulus

of cast film, as spun nanofibers, and drawn & annealed nanofibers.
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nanofibers compared with cast film, however, the Y, value was not as much as increasing
of the orientation. This suggest that the effect of amorphous regions governed the Y, value
more than that of crystallite orientation for as spun nanofibers. On the other hands,
compared with as spun nanofibers, Y, value of drawn & annealed nanofiber increased
remarkably, though the orientation increase was only few %. Polymers were more
oriented and crystallized by drawing and annealing process. Though, the mechanical
properties of PGA nanofibers could not reach to maximum modulus, only as 7 %, however,
this Young’s modulus resemble that of electrospun/ drawn it.PP nanofibers [15].
Therefore, PGA nanofibers are expected to be used as an alternative material in many

fields which requires the same modulus of it.PP.
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2.4. Conclusions

PGA nanofiber was electrospun with the use of rotating drum collector to align
nanofibers. Aligned nanofibers could be drawn 4 times, then annealed. The drawn and
annealed PGA nanofibers showed not only high orientation (X-ray fiber photograph), but
also high mechanical properties (tensile test) compared with those of cast film. As a
results, drawn & annealed nanofibers show high Young’s modulus (6.8 GPa), tensile
strength (201 MPa). Both the crystallite orientation and mechanical properties were found
to be increased by drawing & annealing of PGA nanofibers. This Young’s modulus of
PGA resemble that of electrospun/ drawn it.PP nanofibers, therefore, PGA nanofibers are
expected to be used as an alternative material in many fields which requires the same

modulus of it.PP.
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3.1 Introduction

Among bio based polymers, poly(lactic acid)(PLA, -(CH2CH(CH3)COO)y-) is the most
popular biodegradable bio based aliphatic polyester obtained by fermenting corn starch
or sugar cane [1-3], and is synthesized by ring-opening polymerization of lactide. PLA
has biocompatibility and hydrolyzability. PLA is very attractive for using not only in
industrial fields, but also in biomedical applications, e.g., sutures, bone fixation, or drug

delivery systems [4-9].

Ikada et al. discovered same amount of solution blend of poly(L-lactic acid) (PLLA)
and poly(D-lactic acid) (PDLA) crystallized as stereocomplex in 1987 [10]. Since then,
many procedures for making stereocomplex PLA (scPLA) from PLLA and PDLA, such
as by solution blend, in a solid state blend from the melt, during polymerizations, were
reported [11-12]. scPLA is known to show different structure and properties from PLAs.
For example, scPLA shows higher melting point (~230 °C) than that (~180 °C) of PLAs.
The unit cell of PLASs belongs to pseudo orthorhombic crystal system, which changes into
triclinic system when stereocomplexation occurs [11]. PLLA and PDLA are reported to
possess 103 helical conformation in the crystal lattice. On the contrary, SCPLA possesses

31 helical conformation, similar to isotactic polypropylene (it.PP) [13].

Crystal modulus is one of the most important mechanical properties of polymers. The
crystal modulus E; and E; have been measured by X-ray diffraction [14-17]. The data so
far accumulated show the E; value gives us information about the skeletal conformation,
deformation mechanism, and maximum modulus for the specimen modulus of polymers.
The E, values for polymers with fully extended planar zigzag conformation, such as

polyethylene (PE) is 235 GPa, whereas it.PP (helical structure) show the E; value of 33
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GPa. This low E; value of it.PP is due to that helical skeleton is easy to elongate to the
stress direction compared with the planar zigzag one. On the other hand, the E; values are
correlated with the intermolecular interactions such as van der Waals force, dipole-dipole

interaction, and hydrogen bonding, together with their anisotropies.

The crystal modulus of poly(L-lactic acid) (PLLA) was evaluated experimentally and
theoretically [18-19]. However, only the crystal modulus of PLLA along the chain
direction at room temperature is insufficient for overviewing the relationship between
structure and properties of a series of PLA. For example, as mentioned above, the melting
point of sScPLA is more than 50 degree higher than those of PLLA and PDLA. However,
no reasonable explanation on this phenomenon was described in the literatures.
Intermolecular hydrogen bonding between CHs and C=0 was proposed for PLLA by
Ozaki et al. [20], but no information was available on the strength of intermolecular
interaction of PLAs. In order to investigate these unsolved issues from the mechanical
point of view, crystal modulus of not only PLLA, PDLA, but also that of scPLA, including
their crystal modulus both in the directions parallel and perpendicular to the chain axis
was evaluated. In addition, temperature dependence of the crystal modulus of PLLA,
PDLA, and scPLA were also investigated in this study to examine the thermal properties

of the crystalline regions of PLAsS.

3.2. Experimental

3.2.1. Sample preparation

PLLA pellets were kindly supplied from Unitika a Ltd. (4032DK), and PURASORB®
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for PDLA. Molecular weight of PLLA was 4.5 x 10* for number average molecular
weight (Mn), 9.5 x 10* for weight average molecular weight (Mw). The Mn, My, of PDLA
were 1.1 x 10° and 1.5 x 10°, respectively. The Mn, Mw were measured by gel permeation
chromatography using chloroform as an eluent, and used polystyrene (PS) for standards.
The pellets were hot-pressed at 453 K, followed by slowly cooling to room temperature.
PLLA and PDLA film (thickness : 90 um) was uniaxially drawn 6 times its original length
at 348 K, then annealed at 408 K for 0.5 h at the constant length. In addition, highly
oriented and highly crystallized PLLA by solid state extrusion (K-PLLA), kindly supplied
from prof. T. Kanamoto in Science University of Tokyo, was also used for the crystal

modulus measurement [21].

scPLA film was prepared by solution cast on glass petri dish, with the same weight ratio
mixture of PLLA and PDLA dissolved in chloroform for each 1.5 wt%. Transparent film
was successfully peeled off from the substrate. Film was dried for 3 d at room temperature
to remove solvent. The film (thickness : 28 um) was drawn 6 times its original length at

363 K, then annealed at 483 K for 1 h at the constant length.

3.2.2. Characterization

The tensile properties measurement of drawn and annealed PLLA, PDLA and scPLA
films were basically same method with those in Chapter 1. Calculation of the cross-
sectional area for PLLA, PDLA and scPLA was evaluated from the reported density (1.24

g/cm?® [22]), and measured weight and length of the sample.

The melting point (Tm) and enthalpy of fusion (4H) of PLLA, PDLA and scPLA were
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the same with those of Chapter 1. But, a sample weight was approximately 3 mg.

Crystallinity Xc of PLLA, PDLA and scPLA were evaluated with the following equation

(3.1).

Xe=AH | AHy (3.1)

where 4Ho (PLLA and PDLA) = 93 J/g [23], 4Ho (SCPLA) = 146 J/g [24], for 100 %

crystallinity.

X-ray diffraction photographs were recorded on an imaging plate that had a camera

length of 58 mm, with the same method as those of Chapter 1.

To obtain the crystallite size Dnw, the observed profiles for the (hkl) planes were

according to the Chapter 1 equation (1.2) and equation (1.3).

The degree of the crystallite orientation © was defined by the equation (3.2)

n=(180 - H°)/180 (3.2)

where H° is the half-width of the intensity distribution curve for the equatorial 200/110
reflection for PLLA, PDLA and 100/010/1-10 reflection for scPLA along the Debye-

Scherrer ring.

3.2.3. Elastic Modulus of the Crystalline Regions

The strain € and the stress o in the crystalline regions by X-ray diffraction, crystal
modulus E; and E; and their temperature dependence from cryogenic temperature to high

temperature were measured and calculated with the same method described in Chapter 1.
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3.3. Results and Discussion

3.3.1. Sample Characteristics

Figure 3.1 shows X-ray fiber photographs of drawn and annealed PLLA, PDLA and
scPLAfilm at 300 K. All samples were highly crystallized and the crystallites were highly
oriented along the drawn direction. The fiber photographs of PLLA and PDLA were that
of typical a-form, which were completely different from that of scPLA. We confirmed

the scPLA film contained only scPLA, as no more PLLA and PDLA peak appeared on

PLLA PDLA

Fig. 3.1. X-ray fiber photographs of PLLA, PDLA and scPLA.
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the fiber photograph.

Figure 3.2 show X-ray fiber photograph and meridional X-ray diffraction profile of
PLLA film (K-PLLA) supplied from Kanamoto Laboratory. From the figure, K-PLLA
possessed extremely high crystallite orientation, crystallinity, low lattice disorder, and a-
form was only appeared, too.

Figure 3.3 shows (upper) meridional and (lower) equatorial X-ray diffraction profiles of
drawn and annealed PLLA, PDLA and scPLA film at 300 K. On the basis of the reported

crystal lattice of PLLA and PDLA (orthorhombic, a=10.6 A, b=6.1 A, c (fiber axis) =

K-PLLA

(002)

Intensity (a.u.)

(0010)

Meridional

(0018) (0020) (0030)

1 |

10 30 50 70 90 110
Diffraction anale 26 (dea.)

Fig. 3.2 X-ray fiber photograph and meridional X-ray diffraction profile of
PLLA film (K-PLLA) supplied from Kanamoto Laboratory.
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28.8 A) [25] and scPLA (triclinic, a=9.16 A, b = 9.16 A, c (fiber axis) = 8.7 A, a,f =
109.2 °, y =109.8 °) [13], the diffraction peaks could be indexed as shown in the figure,
respectively. Meridional 0010 reflection for PLLA and PDLA, -2-26 reflection for scPLA
were used to measure the E; values. The normal of the -2-26 reflection is inclined at an

angle of 1.3 ° from the meridian. This angle coincides with the angle expected from the

a) (0010) Meridional
’:',.“
L
> 0010)
»
c
9
£
Equatorial
’:'{ PLLA
8
>
= PDLA
c
3
£
scPLA
60 80

20 (° )

Fig. 3.3 a) Meridional and b) equatorial X-ray diffraction profiles of PLLA,
PDLA and scPLA.
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crystal structure. Therefore, in fact for crystal modulus measurement, the inclination
correction should be needed. However, ¢ and € were not corrected for the inclination of
this lattice plane, because it is negligibly small [26]. The E: values were measured for
200/110 and 020 reflections for PLLA and PDLA, 100/010/1-10, 110/-120/-210,

200/020/2-20 reflections for scPLA, respectively.

Table 3.1 Sample preparation conditions (drawing, annealing), crystallite
orientation, crystallinity, crystallite size, melting point T, Young’s modulus

Y), tensile strength omax and elongation at the break emax of PLLA, PDLA and

SCPLA.
PLLA PDLA scPLA
Drawing A=6 @75°C A=6 @90 °C
Annealing @ 135°C 0.5h @210°C 1h
Crystallite 0.97 0.96 0.95
orientation
Crystallinity
(%) 61 68 36
Crystallite size
(A)
(0010) 88 104
(-2-26) 57
T, (°C) 165.3 180.9 2141
Y, (GPa) 6.2 5.8 5.6
Omax (MPa) 128 179 108
Emax (%) 43 48 19
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Table 1 summarized sample preparation conditions (drawing, annealing), and
characteristics (crystallite orientation, crystallinity, crystallite size, melting point T,
Young’s modulus Y, tensile strength omax and elongation at the break emax) of PLLA,
PDLA and scPLA. Though PDLA showed a little bit larger crystallite size and higher
melting point, PLLA and PDLA intrinsically showed same properties. Compared with
PLAs, scPLA showed low crystallinity and small crystallite size, but it possessed higher

mechanical properties and higher melting point (approximately 40 °C).

3.3.2. Crystal modulus E;

Figure 3.4 shows the stress o - strain € curves for the 0010 reflections of (o) PLLA and
(o) PDLA together with that (A) of K-PLLA at 300 K. All the plots could be expressed
with a straight line with the same inclination through the origin, and the lattice extensions
were always reversible. The initial inclination of this line gave the crystal modulus E; of
PLLA, PDLA and K-PLLA as 14 GPa at 300 K. Same crystal modulus E; for PLLA,
PDLA and K-PLLA even with different microstructures supports the homogeneous stress

distribution.

As mentioned previously, the crystal modulus correspond to the maximum modulus,
because the elastic modulus were measured by X-ray diffraction method where only the
polymer crystallite were detected. Pennings et al. attempted to get high modulus / high
strength fiber using PLLA [5]. They succeeded to increase strength up to 1 GPa, but the
modulus remained low (<10 GPa). A lot has been tried for getting high modulus PLLA
fiber, but failed [27-28]. As mentioned above, the reason for low macroscopic modulus

of PLLA fiber can be attributed to low crystal modulus of PLLA, and so called high
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Fig. 3.4 Stress-strain curves for the (0010) plane of (O) PLLA, ([J) PDLA and (A)

K-PLLA at 300K.

modulus fiber/film can not be obtained using PLLA and PDLA. In addition, PLLA is
often applied in biomedical fields [8-9], but low crystal modulus also suggests that PLLA
alone is not suitable for bone replacement, and some reinforcement will be needed for

this purpose.

The observed E; values (14 GPa) of PLAs are much lower than that (235 GPa) of PE
with a fully extended planar zigzag conformation in the crystalline regions. If the PLA
skeleton is assumed to be fully extended planar zigzag, the E; value, evaluated by

Treloar’s method [29-30] using the reported bond lengths, bond angles and these force
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constants (see Table S2), was 120 GPa, which is 8.6 times higher compared with the

observed one.

De Oca et al.[18] calculated the crystal modulus of PLLA a-form, as 36 GPa, based on
the lattice model proposed by Kobayashi et al.[31], in which two 103 helices are packed
in the unit cell. However, Tashiro et al.[19] suggest their modulus calculation cannot be
assumed to be satisfactorily exact since the crystal structure employed by them is not
enough reasonable. On the contrary, Tashiro et al. calculated the E; value for 103 helical
a-form on the basis of the refined crystal structures of PLLA as 14.7 GPa. They also
observed the E; value for PLLA a-form as 13.76 GPa, which coincided with the E, value
in this study. We here confirmed the linearity of o- € curve up to higher o both for PLLA,
PDLA (Figure 3.4) with wide variety of microstructure, compared with the previous one

(o <60 MPa) [19]. This supports higher reliability of the results in the present study.

As mentioned in introduction, helical skeleton gives low E; value than that of planar
zigzag one. The contraction of 103 helical structure is calculated as approximately 20 %
from planar zigzag conformation in the crystalline regions [32]. The bigger contraction
brings the smaller the E, value. Therefore, the low E; value of PLLA and PDLA will be

explained by helical skeleton in the crystalline regions.

Figure 3.5 the o-¢ curve for the -2-26 reflections of scPLA, together with the results of
figure 3.4 expressed with the dotted line, at 300 K. All the plots could be expressed with
a straight line with the same inclination through the origin, and the lattice extensions were
always reversible. The initial inclination of the line gave the crystal modulus E; of scPLA
as 20 GPa at 300 K. This is higher as 140 % compared with those of PLLA and PDLA.

Okihara et al.[13] proposed the crystal structure of scPLA, as 31 helical conformation.
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0 1
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Fig. 3.5 Stress-strain curves for the (O) (556) plane of scPLA at 300K.

Broken line represent the results of Fig.3.4 for comparison.

This slightly extended conformation (31 helix) brings scPLA become hard to extend
(elongation) characteristic to sSCPLA skeleton. Therefore, 31 helix (SCPLA) shows higher

E| value compared with that 103 helix (PLLA and PDLA).

Figure 3.6 shows the stress-strain curves for the (0010) plane of (o) PLLA and (o) PDLA,
(-2-26) plane of (o) scPLA at various temperature. The E, values were evaluated from the

initial inclination of each curve at each temperature.
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Fig. 3.6 Stress-strain curves for the (0010) plane of (O)PLLA and () PDLA,

(226) plane of (O) scPLA at various temperature.
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Fig. 3.7 Relationship between temperature and crystal modulus E; for the

(0010) plane of (O) PLLA, ((1) PDLA and (Q) (226) plane of scPLA.

Figure 3.7 shows the relationship between temperature and the crystal modulus E; for
the (0010) plane of (o) PLLA, (o) PDLA and (-2-26) plane of (o) scPLA. The E, values
of PLLA and PDLA was 14 GPa at 13 K, which is the same at room temperature. For
SCPLA, the E; value was 22 GPa at 13K, which is slight higher than that at room
temperature. However, the E, value of scPLA at cryogenic temperature can be said to be
almost same as that of room temperature, considering the experimental error (x10 %). So

it is suggested that PLAs and their stereocomplex are stable against the heat. These are in
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the contrast with the results for PGA, where the E, value of PGA show temperature
dependence from cryogenic temperature to high temperature [33]. Even same C-O-C
repeated unit in molecular chain, the difference between PLAs and PGA is due to that
helical skeleton of PLAs is already largely contracted in the crystalline regions, and their

structural effect surpasses the temperature effect.

3.3.3. Crystal modulus E¢

Figure 3.8 show the stress o - strain € curves for the equatorial (200/110), (020) planes
of (o) PLLA, (o) PDLA and (100/010/1-10), (110/-120/-210), (200/020/2-20) planes of
scPLA at 300 K, respectively. The curves for the equatorial reflections could be also
expressed with a straight line through the origin, and the lattice extensions were always
reversible. The E: values of PLLA and PDLA were 3.2 and 2.8 GPa for the (200/110) and
(020) planes at room temperature, respectively. These E: values are smaller than that (4
GPa) of PE only based on van der Waals intermolecular interaction [16] or that (6.6 GPa)
of poly(vinyl alcohol) (PVA) based on intermolecular hydrogen bonds [17]. Thus, these
results suggest van der Waals intermolecular interactions mainly act in PLLA and PDLA

molecules in the crystal lattice.

On the other hands, the E: values of scPLA were 4.0, 4.6 and 4.1 GPa for (100/010/1-
10), (110/-120/-210) and (200/020/2-20) planes at 300 K, respectively. These E; values of
ScPLA are higher than those of PLLA and PDLA. These reveal scPLA possesses higher
intermolecular cohesive energy compared with PLAs. Ozaki et al. [20] suggest there are

hydrogen bonds of CHs ...O=C, in the stereocomplex crystals. However, judging from
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Fig. 3.8 Stress-strain curves for the equatorial planes of PLLA, PDLA and scPLA at 300 K.
the Et values of scPLA (just same as PE, also much smaller than that of PVA or polyamides

which possess hydrogen bonds), no strong hydrogen bonding acts from the mechanical

point of view.
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Fig. 3.9 Anisotropies of the E; values in the ab plane of PLLA and PDLA at 300K.

Figure 3.9 shows anisotropy of the E; value superimposed with the molecular packing
in the ab plane of PLLA and PDLA at 300 K [13]. The anisotropies of the E; values in
PLLA and PDLA were calculated from the observed E; values using following equation

(3.3) [34].
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1/E9 = cos*0/ Eo + sin*0/ Ego + [1/ Go.90— 2(vo.90/ Eo)]sin*d * cos*d (3.3)

where Eg is the E;value at the angle of 8 from a-axis, Eo and Ego are E: value along a- and
b-axis, Go g0 is shear modulus in a- and b- axis direction. vo g0, Poisson’s ratio was assumed

to be 0.33 in the present study.

The E; values are almost isotropic for PLLA and PDLA, and no difference between
PLLA and PDLA even these possess opposite helical direction, respectively. Tashiro et
al. [19] calculated the E; values of PLA, and reported that they were almost comparable
to that of PE, it.PP, but far below compared with those of PVA, Nylon6. In addition,
calculated E; value was almost isotropic in the ab plane. These calculation also coincide

with the observed ones in Figure 3.9 and 3.10.

scPLA

2GPa

Fig. 3.10 Anisotropy of the E; value in the ab plane of scPLA at 300K. The
results in Fig.3.8 is superimposed with (-) the broken line at 300K.
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Figure 3.10 shows anisotropy of the E: values and the molecular packing of scPLA in
the ab plane at 300 K [35], together with that of PLLA with the broken line for comparison.
The unit cell contains one PLLA and one PDLA chain with shape of an equilateral triangle,
and reported to be formed e quilateral-triangle-shaped single crystals of the scPLA
[13][36]. The arrows express the E: value corresponding to each directions. The E; values
of scPLA are almost isotropic as same trend as those of PLLA and PDLA [19]. However,
compared with PLLA and PDLA, scPLA possess higher E: values for all directions. These
results indicate there are stronger intermolecular interaction between PLLA and PDLA
molecular chains, compared in the cases between PLLA/PLLA, PDLA/PDLA

combinations.

The melting point is defined as the ratio of the change in entropy of fusion (4S) and
enthalpy of fusion (4H), (Tm = 4HIAS). As discussed in the previous paper [33], the E;
values can be correlated with 4H from mechanical point of view. The higher melting point
(~230 °C) compared with those (~180 °C) of PLLA and PDLA can be attributed to higher
E: value of scPLA, in other words, higher intermolecular interaction of scPLA compared

with those of PLLA and PDLA..
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3.4. Conclusions

Crystal modulus of PLLA, PDLA and scPLA in the directions both parallel (Ei) and
perpendicular (Ex) to the chain axis were measured by X-ray diffraction. PLLA and PDLA
possesses same E; value as 14 GPa, even though, they possess opposite chain helical
direction, at room temperature. This small E; value is caused by largely contracted 103
helical structure in the crystalline regions for PLLA and PDLA. The E,value of scPLA is
20 GPa at room temperature, being higher than those of PLLA and PDLA. This is due to
that the skeleton of scPLA is slightly extended (31 helix) than those of PLLA and PDLA.
All PLLA, PDLA and scPLA showed temperature independence of the E; values from
cryogenic temperature to room temperature, which is considered that the structural effect
on the E; value is higher than the temperature effect. Even with the existence/ absence of
methyl groups inserted on the side chain, the results of PLA was quite different from those
of PGA [33]. The E;values of PLLA and PDLA were smaller than that of PE. These
suggest that only weak van der Waals intermolecular interactions act in PLLA and PDLA.
The E¢value of scPLA was slightly higher than those of PE, PLLA and PDLA, however,

they was lower than that based on hydrogen bonding.
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Chapter 4

4.1 Introduction

Recently, polymer materials are used as many industrial field such as automobiles and
electronic devices with the advancement of high performance and high functionality. In
automobile industry, the weight reduction for fuel efficiency is needed, therefore low
weight polymer materials is paid attention. In addition, for alternative of metals and

ceramics, it is important to develop high heat resistant polymer materials.

One of alternative oil based polymer, bio based polymers was paid attention to use a
material. Poly(decamethylene terephthalamide) (PA10T) is one of bio based polymer.
More than 50% of resources are biomass, and PA10T is synthesized from materials
derived by inedible castor oil. In addition, PA10T is expected to be used as super
engineering plastics due to possess high melting point (315 ° C) and high crystallinity [1-

3].

The polymer chains are packed as the most stable state in the crystalline regions
according to the chain axis depending on the polymer. For example, depending on the
crystal constants (the length (a,b,c) and angle (a, B, y) of crystals), there show different
lattice system. Through these constants factor, it is possible to investigate the exact lattice
system, and suggest the exact crystal structure. There are lots of different lattice system,
for example, orthorhombic (a #b #c, a = =7 =90°), monoclinic(a#b#c,a=7=

90°, B #90°) and triclinic (a#b #c, a # B # v # 90°) and so on.

As similar chemical structure poly(nonamethylene terephthalamide) (PA9T) was
reported such as lattice spacing with 2 molecular as orthorhombic, crystal modulus E,
value as 40 GPa, mechanical properties and thermal properties. However, it is not clear

yet about the lattice system of PA10T. Compared with PA9T, PA10T possess one
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additional methyl group in main chain, and show difference structure and properties [4].
The reason of difference between PA9T and PA10T could be investigated by analysis of

exact structure. Therefore, the lattice system of PA10T was investigated first.

Based on the information of the lattice system of the PA10T, it is possible to measure
the crystal modulus in the directions parallel (Ei) to the chain axis by X-ray diffraction
[5-6]. The E; value gives us information about the skeletal conformation, deformation
mechanism, and maximum modulus for the specimen modulus of polymers. The E, values
for polymers with fully extended planar zigzag conformation, such as polyethylene (PE)
show 235 GPa, whereas it.PP (helical structure) show the E; value as 33 GPa. This
low E; value of it.PP is due to helical skeleton, because helical skeleton is easy to elongate
to the stress direction compared with the planar zigzag one. About this explanation was

detailed at Chapter 1 and 3.

In this chapter, it is investigate the exact lattice constant by X-ray diffraction first, then
based on this information, the crystal modulus E; was measured. In addition, structure and
properties in the crystalline regions were investigated. Not only crystal structure and
properties, also about the bulk mechanical properties, thermal properties, and surface

properties of PA10T were investigated.

4.2. Experimental
4.2.1. Sample preparation

PA10T pellets were kindly supplied from Unitika a Ltd. (Xecot®). PA10T pellets were

hot-pressed at 350 °C, following by 40 °C water quenching. Then, PA10T film (film thick
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50 um) was uniaxially drawn 5 times it original length (20 mm) at 180 °C, following by
annealing at 230 °C for 1h at the constant length. PA10T is generally hard to draw due to
its fast crystallization, but we succeeded at attaining a high draw ratio sample just after

quenching prior to crystallization starting.

4.2.2. Measurement

Meridional and equatorial X-ray diffraction profiles were carried out by using the CuKa
radiation (A = 1.54 A), generated with an RINT-2000 (Rigaku Co.) at 40 kV and 20 mA,

as laboratory scale.

Synchrotron X-ray diffraction photograph was measured at SPring-8 BLO3XU (R&D
beamline). X-Ray wavelength is 0.08266 nm (beam size 0.07 mm (horizontal) x 0.5 mm
(vertical)). X-ray fiber photograph of the unloaded PA10T film recorded on a flat-type
imaging plate (IP). The sample was exposed to X-ray for 1 s. The sample to detector

distance was 224.5 mm.

For crystal modulus, the lattice extension under a constant load was measured by means
of an X-ray diffractiometer equipped with a stretching device and a load cell. The strain
¢ and the stress ¢ in the crystalline regions, crystal modulus E; and E; were measured and

calculated with the same method described in Chapter 1.

The tensile properties measurement undrawn and drawn & annealed PA10T films were
basically the same with those in Chapter 1. The calculation of the cross-sectional area for
PAL10T was evaluated from the density, weight, and length of the sample. The means and

standard deviations were evaluated for the macroscopic specimen modulus (Yi), tensile
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strength (omax), and elongation at break (emax) measured for five samples.

The dynamic viscoelastic properties of PA10T film (20 mm long) were measured the

same method with those in Chapter 1.

The melting point (Tm) of PA10T was measured the same method with those in Chapter
1. The sample weight is 5 mg, and a heating rate of 5 °C/min. T was determined as a

peak temperature.

To estimate the surface free energy, dynamic contact angles were measured. The
dynamic contact angle of water and dilodomethane were measured at room temperature.
The advancing contact angle (02) and receding contact angle (6r) were measured while the
droplet enlarged (< 2mm diameter) and reduced in size, respectively. The surface free
energy vs Of the polymer solid was calculated using the contact angles by Equations. (4.1)
and (4.2), which were proposed by Owens and Wendt [7] who extended the Fowkes

concept [8].
Vsd + Vsp =Ys (4-1)
2y OYE 4+ 2 (R ¥V = (1 + cosB)y, (4.2)

where y, is the surface free energy of the liquid, and y& and y? are its dispersion and
polar components, respectively. The ¥ and y? values of water are 21.8 and 51.0
mJ/m? and those of diiodomethane are 48.5 and 2.3 mJ/m?, respectively [7] . And, an

average of 15 readings was used for the contact angle determination.
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4.3. Results and Discussion
4.3.1. Crystal lattice

Figure 4.1 show meridional X-ray diffraction profile and the angle ¢ of inclination for
the (002) plane of PAL0T film along the Debye-Scherrer ring, together with expansion of
profile. Around 20 = 4.5 °, one strong and shape peak was observed. By Bragg's equation,
that peak’s lattice spacing was calculated as 19.6 A . In fact, the ¢ axis length for the fully
extended planar zigzag skeleton of PA10T was evaluated by using reported bond lengths,
bond angles and these force constants, as 21.6 A, which is similar value compared with
observed value. As mentioned in introduction, PA9T is composed 2 molecular in the
crystal. Assuming PA10T is also composed 2 molecular for ¢ axis lattice constant, the 26

= 4.5 ° peak is suggest to 002 reflection. Then, 26 = 13.2 ©, 22.3 °, 26.4 °, 30.5 °, 40.5 °,

(002)
(002) =% Cgmqg
Y s Qﬁdg o8
(006) z | N @@
—_ (0018) £°€ W0
= (0010) v E eriss
© v (—n)
= (0012) 10
:%' 15 10 -5 0° 5 10 15
£ (0014) oC )
= (0032)
- A4
} \ el o Il o .|.|I‘.Md1.. 00
#&n— i — : : ’
0 20 40 60 80

20 (° )

Fig. 4.1 Meridional X-ray diffraction profile and the angle ¢ of inclination for the (002)
plane of PA10T film along the Debye-Scherrer ring.
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77.9 ° could be calculated the lattice spacing and lattice plane, then there were 006, 0010,
0012, 0014, 0018, 0032 reflections, show in figure 4.1, respectively. Concerning these

values, the average lattice spacing of all reflections was 40.1 A as PA10T c axis length.

In addition, angle ¢ of inclination for the (002) plane of PA10T film along the Debye-
Scherrer ring show in figure 4.1. The (002) plane was inclined for 10 ° from c axis, the
(0032) plane was also prove as 10 ° of inclination (not shown in this thesis). This suggest

PA10T possesses as lattice constant angle a and vy is 90 °, but B is inclined as 80 °.

Figure 4.2 show equatorial X-ray diffraction profile of PA10T film. From X-ray
diffraction profile, 26 = 21.3 ° (strong), 27.5 °, 36.4 ° (small) was observed. There were
4.17,3.24,2.47 A as lattice spacing by Bragg’s equation. The concept of reciprocal lattice

spacing for normalize the lattice spacing (by reciprocal of the values) was adopted. When

*
(110) b} Reciprocal
;-" (130) | Lattice
8 (120)
Z (110)
7]
c
9
k=
0

20 (° )

Fig. 4.2 Equatorial X-ray diffraction profile of PA10T film
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a, ¥ =90 ° in ab plane, the reciprocal lattice spacing could show as in figure 4.2. In
reciprocal lattice model, there were determined as 110, 120 and 130, respectively. Here,
the a and b axis were calculated as a = 4.8 A and b = 8.7 A. Compared with the a and b

length of PA9T (a=4.96 A and b =8.39 A) [9], that of PA10T show similar value.

Compared with PA9T, PA10T is composed one more methyl group in molecular chain.
Even, c axis lattice constant was different, but the a and b axis length was maintained,
which trend is similar to other polymers. The unit cell system of PA10T is monoclinic in

the crystalline regions.

Figure 4.3 show X-ray fiber photograph of PA10T film, measured at SPring-8, BLO3XU.

For meridional direction, there are many split reflections. It suggest PA10T possess

Fig. 4.3 X-ray fiber photograph of PA10T film (SPring-8, BLO3XU).
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helical structure in the crystal regions. For equatorial direction, one strong reflection

showed asymmetric shape, suggest to overlap with many reflections.

With above results, comparing with the ¢ axis length assuming fully extended planar
zigzag conformation of PA10T as 43.3 A, but the observed value of PA10T is 40.6 A, as
approximately 6.5 % contraction from planar zigzag conformation. This is suggested that
helical structure in the crystalline regions caused the largely contraction of PA10T. Based
on these lattice constant information of PAL10T, then the mechanical properties in the

crystalline regions were investigated below.

4.3.2. Crystal properties

Figure 4.4 shows the stress o - strain & curves for the (0032) plane of PA10T at 300 K.
In fact, the (006), (0010), (0012), (0014) plane is not proper to measure the crystal
modulus due to overlapping of peaks very much. About the (0018) plane, the peak shape
is obviously asymmetric, indicate to possess multiple reflections and not proper to
measure the crystal modulus. Due to these reasons, only the (0032) plane was adopted for
crystal modulus measurement. All the plots could be expressed with the straight line with
the same inclination through the origin, and the lattice extensions were always reversible.
The inclination of this line gave the crystal modulus E; of PA10T as 26 GPa at 300 K.
The E, of PAL0T is much lower than that (235 GPa) of polyethylene (PE) or (260 GPa)
of poly(vinyl alcohol) (PVA) with fully extended planar zigzag conformation in the
crystalline regions. As mentioned above, the PA10T skeleton is contracted, and possess

helical conformation in the crystalline regions. It is considered that contracted helical

92



Chapter 4

0.2
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E, = 26 GPa

Stress (MPa)

Fig. 4.4 Stress-strain curves for the (0032) plane of PA10T at 300K.

skeleton bring low E, value of PA10T. Tashiro et al. calculated E; value of PA10T as 64
GPa, however, the observed E; value of PA10T show lower value than that of calculated

value. This is because, PA10T is already largely contracted in the crystalline regions [10].

Figure 4.5 show the relationship between the crystal modulus E; and the chain
contraction of the planar zigzag conformation of PA10T and various polymers to compare,
measured by Nishino Laboratory so far. The crystal modulus E; decreases for all series of
polymers of poly(a-olefin), polyesters, polyamide as the chain contraction increases. (The
decreasing trend could express as blue shadow and more examples showed in Nishino
Laboratory publications). Only few percent of contraction, polymers especially the series
of nylons manifest lower E, values. Tashiro et al. calculated the trend of crystal modulus
for the series of nylons, as dotted red line in figure 4.5 [11]. The observed crystal modulus

trend coincide to the calculation of crystal modulus.
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Fig. 4.5 Relationship between the crystal modulus E; and the chain contraction
from the planar zigzag conformation of various polymers with PA10T.

Table 4.1 The E, value, cross-sectional area (S), f —values and
chain contraction in the crystalline regions of PA10T and various

polymers.
E, S f—value Contraction
GPa nm? 10N %
PE 235 0.182 4.28 0
PGA 104 0.162 1.68 24
PAST 40 0.208 0.83 5.9
PA10T 26 0.209 0.54 6.5
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Table 4.1 show the E; value, cross-sectional area (S), f -values and chain contraction in
the crystalline regions of PA10T and various polymers. The f -values means the force
required to stretch a molecule by 1%. And, the f -values were corrected by cross-sectional
area, then f-value could be compared the polymer molecular chain rigidity, directly.
Significantly, increasing of contraction from planar zigzag conformation in the crystalline,
Ei value and f-value decrease for all polymers. These low E; value and f-value of PA10T
suggest that PA10T can be used as a flexible material. Compare with PA9T, PA10T show
even lower E; value with higher contraction. The existence/ absence of one methyl groups

inserted on the main chain, the results of PA10T and PA9T show quite different.

4.3.3. Bulk properties

Table 4.2 show exact specimen modulus (Y1), tensile strength (omax), elongation at break
(emax), stiffness (K), glass transition temperature (Tg) and melting temperature (T4) of
undrawn and drawn & annealed PA10T films. Figure 4.6 show stress-strain curves of

undrawn and drawn & annealed PA10T films. Undrawn PA10T show low Y| and omax ,

Table 4.2 Specimen modulus (Y)), tensile strength (omax), elongation at break (emax), stiffness
(K), glass transition temperature (Ty) and melting temperature (Tm) of undrawn and drawn
& annealed PA10T films.

Y; Omax Emax K J T
PA10T (GPa) (MPa) (%) (Jg) (C) (C)

Undrawn film 1.5 110 247 110 115 309

Drawn & annealed film 5.4 510 12 22 139 310
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whereas emaxand K show high value compared with other polymers. These suggest PA10T
is proper to be used as a flexible material, which need high toughness. Or, after drawn
and annealed process, mechanical properties (Y and omax) of PAL10T show higher than
that of undrawn PA10T. Therefore, PA10T is possible to control the properties for the

needs.

Figure 4.7 show temperature dependence of the storage modulus (£ ), loss modulus (£ )
and tan ¢ of PAL0T film. The storage and loss modulus were maintained high value for
all temperature. These high storage and loss modulus of PA10T suggest that PA10T is
very stable against the heat. In addition, there were two peak around 210 K and 410 K for

tan 0. The higher peak could be alpha («) transition temperature, as glass transition

E 400 I [prawn &
E annealed film
7))

g 200 |

»

Undrawn film . & :|,

A%}

0 ] 1 ‘S‘Sn ]
0 20 40 200 240 260

Strain (%)

Fig. 4.6 Stress-strain curves of undrawn and drawn & annealed
PA10T films.
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temperature (Tg, exact value show in Table 2).Then the lower peak could be beta (5)

transition. (About o and B transition was detailed at Chapter 1.)

From the results of DSC measurement, the melting temperature (Tm) of PA10T show
~310 °C (Table 4.2). Even drawing process, Tm values were not changed. As a result, this
higher melting temperature, maintaining high storage and loss modulus at high

temperature strongly support to be qualified for the super engineering plastic.

1010 0.2
«— E’
= 108 [ E”
o 10
- 101 <
W ©
o wd
10* . : L—J o
100 200 300 400

Temperature (K)

Fig. 4.7 Temperature dependence of the storage modulus (E’), loss
modulus (E”) and tan & of PA10T film.
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4.3.4. Surface properties

Table 4.3 show surface free energy v, y¢ and v are its dispersion and polar components
of PA10T. The surface free energy of PA10T is 46.3 mJ/m?2, when 29.1 mJ/m? and 47.5
mJ/m?2for it.PP and nylon6, respectively. For example, the y value of other polymers show
as polyethylene (36 mJ/m?) and polytetrafluoroethylene (PTFE) (22 mJ/m?) [12]. The vy
value of PA10T is higher than that of it.PP and PTFE, but similar to that of nylon6. This
suggest that the PA10T possess higher wettability (hydrophilic) than it.PP but as same as
nylon 6. Noteworthy, PA10T and nylon6 show much higher y? values than that of it.PP.
These suggest that it.PP only based on van der Waals interaction in the molecular,
therefore dispersion interaction superior to polar interaction, when PA10T and nylon

possess higher polar interaction due to the functional group in molecular.

Table 4.3 Contact angle 8 and surface free energy y of PA10T, Nylon6, Nylon66, it.PP.

Water Methylene iodide Surface free energy

Polymers 9, 6 © A 6 6 6 A v v yP

degree degree mJ/m?
PA10T 78 39 60 39 47 31 40 16 46.3 315 14.8
Nylon 6 77 45 62 32 45 27 37 18 475 326 14.9

Nylon 66 86 48 68 38 49 38 44 9 429 303 126

it.PP 105 99 95 16 65 59 54 6 291 285 0.56
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4.4. Conclusions

From meridional X-ray diffraction with the angle ¢ of inclination of PA10T, the lattice
constant of ¢ axis lattice constant as 40.1 A, and angle of B is inclined as 80 ° in the
crystalline regions. In addition, from equatorial X-ray diffraction of PA10T film, the a
and b axis were calculated as a = 4.8 A and b = 8.7 A. Compared with the a and b axis of
PAIT (a=4.96 A and b = 8.39 A), that of PA10T show similar value. As a result, the
unit cell system of PA10T suggest to possess the monoclinic in the crystalline regions.
From the X-ray fiber photograph, PA10T consider to possess helical structure in the
crystal regions. By crystal modulus E;, PA10T show 26 GPa at 300 K. The E; of PA10T
is much lower than that PE, due to helical structure in the crystalline regions. Because
PA10T contracted largely, PA10T show lower E, value than that of PA9T. About the
mechanical properties, PA10T is proper to be used as a flexible material because PA10T
show high toughness than other polymers. Or, with drawing and annealing process,
PA10T is possible to control the properties for the needs. In addition, the high melting
temperature, maintaining high storage and loss modulus at high temperature strongly
support to be qualified for the super engineering plastic. Moreover, the y value of PA10T
is higher than that of iz.PP, and similar to that of nylon6. This suggest that the PA10T

possess higher wettability (hydrophilic) than iz.PP but as same as nylon 6.
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Conclusions

In this thesis, structure and properties of bio based polymers were investigated.

To prevent environmental damage by mass-produced plastic products, biodegradable bio
based polymers are expected to be used as next generation disposable materials as
alternative oil based polymer. Bio based polymers are synthesized by biomass such as
tree, grain, and grass. Bio based polymers are paid attention materials as eco friendly
without exhaustion. In addition, biodegradable bio based polymers could be permanent
recyclable, and will be good way to conserve the energy. Among biodegradable bio based
polymers, poly(glycolic acid)(PGA), poly(lactic acid) (PLA) and poly(decamethylene

terephthalamide) (PA10T) were adopted.

For using polymers, it is necessary to control the polymer properties such as mechanical,
thermal properties or surface interface for the needs. Among polymer structure,
crystalline regions are most important factor. These crystalline regions contribute to the
polymer properties directly. Therefore, it is most important to investigate the exact crystal
structure and properties. In this thesis, the crystal modulus was used for investigating the
crystal properties. For example, crystal modulus in the direction parallel (E;) and
perpendicular (E:) to the chain axis give information about skeletal conformation,
deformation mechanism, maximum modulus and intermolecular interaction, anisotropies
of polymers, respectively. Also, in order to exclude the thermal factor in the polymers,
crystal modulus was measured at cryogenic temperature, and investigated the temperature

dependence of polymers from cryogenic temperature to high temperature.

In Chapter 1, crystal modulus of PGA was investigated. PGA was used only limited
fields such as sutures, but has succeeded in mass-producing, recently. However, there are

not studied about mechanical properties and thermal properties. Especially, about high
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melting point of PGA was not clarified the reason compared with other aliphatic
polyesters. Therefore, mechanical properties and thermal properties were investigated by
crystal modulus. Crystal modulus in the directions parallel (Ej) and perpendicular (E:) to
the chain axis of poly(glycolic aicd) (PGA) were measured by X-ray diffraction. The
crystal modulus E; of PGA shows low value (104 GPa) compared with that of
polyethylene (235 GPa) or calculated value (237 GPa) which assumed fully extended
planar zigzag conformation in the crystalline regions. This suggest that a PGA skeleton
is not fully extended but contracted from a planar zigzag one, through the internal rotation.
The E; value of PGA shows temperature dependence from cryogenic temperature to high
temperature. Even at cryogenic temperature, PGA chain did not reach a fully extended
state but contracted. This suggests the PGA skeleton is intrinsically contracted in the
crystalline regions. Also around 200 K, abrupt changes of both E; values and chain
contraction were considered to be caused by molecular motion in the crystalline regions.
On the other hands, the high crystal modulus E: of PGA suggested high intermolecular
interaction acts between PGA chains. Both the low E; value and high E: value are
considered to contribute to the high melting point of PGA. Considering above results, the
crystal structure and properties, especially, the reason of high melting point of PGA

became clear.

In Chapter 2, highly aligned, oriented, crystallized PGA nanofibers were prepared by
electrospinning methods, and investigated the properties. Based on the information of
crystal properties at Chapterl (especially, maximum modulus was known by crystal
modulus), PGA nanofibers were prepared and compared the properties in order to achieve
the maximum modulus. PGA nanofiber was electrospun with the use of rotating drum

collector to align nanofibers. Aligned nanofibers could be drawn 4 times, then annealed.
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The drawn and annealed PGA nanofibers showed not only high orientation (X-ray fiber
photograph), but also high mechanical properties (tensile test) compared with those of
cast film. As a results, drawn & annealed nanofibers show high Young’s modulus (6.8
GPa), tensile strength (201 MPa). Both the crystallite orientation and mechanical
properties were found to be increased by drawing & annealing of PGA nanofibers.
Though, the mechanical properties of PGA nanofibers could not reach to maximum
modulus, only as 7 %, however, this Young’s modulus resemble that of electrospun/
drawn it.PP nanofibers. Therefore, PGA nanofibers are expected to be used as an

alternative material in many fields which requires the same modulus of it.PP.

In Chapter 3, crystal modulus of PLA was investigated. The crystal modulus of poly(L-
lactic acid) (PLLA) was evaluated experimentally and theoretically, but only the crystal
modulus of PLLA along the chain direction at room temperature is insufficient for
overviewing the relationship between structure and properties of a series of PLA. In
addition, there are no reasonable explanation on the melting point of scPLA is more than
50 degree higher than those of PLLA and PDLA. The crystal modulus of not only PLLA,
but also those of PDLA and scPLA, including their crystal moduli both in the directions
parallel and perpendicular to the chain axis were investigated. In addition, temperature
dependence of the crystal modulus of PLLA, PDLA, and scPLA were also investigated
in this Chapter to examine the thermal properties of the crystalline regions of PLAs. PLLA
and PDLA possesses same E; value as 14 GPa, even though, they possess opposite chain
helical direction, at room temperature. This small E; value is caused by largely contracted
103 helical structure in the crystalline regions for PLLA and PDLA. The E,value of scPLA
is 20 GPa at room temperature, being higher than those of PLLA and PDLA. This is due

to that the skeleton of scPLA is slightly extended (31 helix) than those of PLLA and PDLA.
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All PLLA, PDLA and scPLA showed temperature independence of the E; values from
cryogenic temperature to room temperature, which is considered that the structural effect
on the E; value is higher than the temperature effect. Even with the existence/ absence of
methyl groups inserted on the side chain, the results of PLA was quite different from those
of PGA 25. The Evalues of PLLA and PDLA were smaller than that of PE. These suggest
that only weak van der Waals intermolecular interactions act in PLLA and PDLA. The E;
value of scPLA was slightly higher than those of PE, PLLA and PDLA, however, they
was lower than that based on hydrogen bonding. However, this slightly higher E: value of
SCPLA contribute to possess higher melting point compared with those of PLLA and

PDLA.

In Chapter 4, the crystal structure and properties of PA10T. From meridional X-ray
diffraction with the angle ¢ of inclination of PA10T, the lattice constant of ¢ axis length
as 40.1 A, and angle of B is inclined as 80 ° in the crystalline regions. In addition, from
equatorial X-ray diffraction of PA10T film, the a and b axis were calculated as a = 4.8 A
and b = 8.7 A. Compared with the a and b axis of PA9T (a=4.96 A and b =8.39 A), that
of PA10T show similar value. Therefore, the unit cell system of PAL10T is monoclinic in
the crystalline regions. From the X-ray fiber photograph, PA10T consider to possess
helical structure in the crystal regions. From crystal modulus E;, PA10T show 26 GPa at
300 K. The E; of PA10T is much lower than that PE, due to helical structure in the
crystalline regions. About the mechanical properties, PA10T is proper to be used as a
flexible material because PA10T show high toughness than other polymers. In addition,
the high melting temperature, maintaining high storage and loss modulus at high

temperature strongly support to be qualified for the super engineering plastic.
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In summary, the relationship between structure and properties of bio based polymers
PGA, PLA and PA10T were described, with application of PGA as a nanofibers. Based

on the information of this thesis, the development as practical materials could be expected.
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