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Development of Functional Poly(vinyl alcohol) Materials Prepared without Organic Solvent
2120022  Yusuke Taoka

Poly(vinyl alcohol) (PVA) is a synthetic polymer with hydroxyl groups. It is used in various fields due to its
chemical resistance, biodegradability, and biocompatibility. It is well known that PVA exhibits excellent mechanical
properties due to strong intermolecular hydrogen bonds. Another important characteristic of PVA is that it is water
soluble, which is unusual for a synthetic resin. Since it is water soluble, there is no need to use organic solvents or
other solvents when processing. However, there are currently many challenges to processing using only water as a
solvent, and dimethyl sulfoxide (DMSO) and other solvents are often used. In addition, hydrogen bonding in PVA
prevents a high degree of molecular orientation, which inhibits the improvement of mechanical properties of PVA
fibers and other materials. PVA has several problems: its melting and decomposition points are close to each other,
it has almost no thermoplasticity, and it cannot be molded and processed by heat. Previous studies have reported
that the addition of lithium salts is an effective way to reduce hydrogen bonds in PVA and slow the crystallization
rate. However, few specific studies have been conducted to determine the extent to which these effects are effective
in processing PVA.

The present focused on the effect of lithium salt addition on the ductility of PVA fibers and on the mechanical
properties, crystal structure, and thermoplasticity of PVA prepared by hot pressing with lithium salt addition. The
stretchability of PVA fiber spun by adding lithium iodide (Lil) to PVA was greatly improved and showed high
mechanical properties. This is because stretching in a state where hydrogen bonds are reduced by Lil reduces
orientation defects during stretching and increases the drawing ratio. The highly stretched fibers have high molecular
orientation and exhibit superior mechanical strength compared to fibers without Lil addition. High-strength PVA
fibers can be used as reinforcing fibers in fiber reinforced plastics (FRP) and will play an important role in the fiber
industry in the future. Lithium salts reduce the crystallinity and melting point of PVA, which may provide
thermoplasticity. The physical properties of PVA prepared by adding lithium salt (lithium halide) and hot pressing
showed a lower melting point, lower crystallinity and lower mechanical strength compared to No salt PVA. This
effect was higher in the order LiCl > LiBr > Lil. The thermoplasticity was confirmed by the decrease in crystallinity
and melting point. There was little difference in the mechanical strength of PVA before and after thermoforming. In
other words, lithium salt can improve the processability of PVA.

Syndiotactic PVA (sPVA) was difficult to handle because it hardly dissolves in water or organic solvents.
However, sPVA-H could be adjusted by using a hot press. Compared to atactic PVA hydrogel (aPVA-H), sPVA-H
exhibited higher mechanical strength and crystallinity at lower water content. This is attributed to the high stereo-

regularity of sSPVA and its easy crystallization.

Keywords: Poly(vinyl alcohol), Lithium salts, Hydrogen bond, Crystallization, Thermoplasticity, Tacticity
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Chapter 1: General Introduction

1.  General Introduction

In this thesis, I present a study focusing on the enhancement of mechanical properties in
polyvinyl alcohol (PVA) fibers through the utilization of lithium salts, the functionalization of
PVA hydrogels, and the gelation of highly stereoregular PVA as the foundational material. The
concept of this study is without using dimethyl sulfoxide (DMSQO). DMSO is often used as a good
solvent for PVA, but it has problems such as high skin penetration and strong oxidizing activity.
In particular, its permeability is dangerous because of the possibility of introducing toxic
substances into the body. Recently, the Sustainable Development Goals (SDGs) have been
mentioned on various occasions, and there is a movement to minimize the use of organic solvents
that tend to cause environmental pollution. In addition, the need for biodegradable materials is
also important, given the serious marine pollution problems caused by microplastics. In this
regard, PVA has a number of advantages, such as being water soluble and biodegradable. However,
deficiencies such as lack of mechanical strength are a practical obstacle. In this study, we used
"DMSO free" as a solvent for PVA fiberization and gelation, aiming at modification and higher

functionality of PVA. Figure 1 shows an image of the research outline.

Organic solvents free

Polyvinyl alcohol

PVA fiber ‘ PVA-H Biomaterials

PVA hydrogel

Figure 1-1 Schematic diagram of this research.



1-1.  Poly(vinyl) alcohol
1-1-1. Development and characteristics of poly(vinyl) alcohol

Polyvinyl alcohol (PVA) is, by its name, a polymer of vinyl alcohol. However, the vinyl
alcohol monomer is so unstable that it cannot exist by itself and is immediately converted to
acetaldehyde by keto-enol tautomerism (Figure 1-2). Therefore, PVA is known to be a special
polymer that cannot be synthesized by polymerization due to the absence of the monomer
precursor.

H,C=CH I
2 | e /C

—T \

OH HC  H

Figure 1-2 Keto-enol tautomerism of vinyl alcohols.

PVA was prepared by H. Heahnel and W. O. Herrmann in Germany in 1924 by mixing
polyvinyl acetate (PVAc) with an alkaline solution to saponify the ester [1]. This method is still
used today to synthesize PVA. A typical production method is shown in Figure 1-3. PVAc is
obtained by synthesizing vinyl acetate monomer from ethylene, oxygen, and acetic acid, and then
polymerizing the resulting vinyl acetate to form PVAc, which is saponified with an alkali such as

sodium hydroxide [2].

Ethylene
Oxygen * Vinyl acetate * Poly vinyl acetate Poly vinyl alcohol

Acetic acid

Figure 1-3 Production process of polyvinyl alcohol.

PVA has a hydroxyl group, which makes it uniquely water soluble among synthetic resins. It
is also characterized by high stability due to its strong resistance to organic solvents and alkaline
substances. Other features include biodegradability, low toxicity, and high biocompatibility. Its

various applications include paper processing agents, emulsion dispersants, films, and



polymerization stabilizers for vinyl chloride resin. In particular, the processing of PVA into
textiles is well known, and W. O. Herrmann and H. Heahnel, who discovered the alkali
saponification of PVAc, showed that PVA could be made into fiber by wet spinning [3].
Subsequently, Sakurada et al. in Japan improved the water resistance of PVA fiber by acetalization
and mass-produced it as Vinylon. Recently, research as a biomaterial has also been conducted

extensively [4].

1-1-2. Molecular chain structure of PVA

In the industrial polymerization process of PVA, monomer units are oriented in the same
direction to produce polymer chains with substituents on their carbon atoms. The result is known
to be the formation of head-to-tail or 1,3-glycol structures [5, 6]. The arrangement of such
structures reflects the selectivity of monomer addition in free radical polymerization: despite the
predominance of 1,3-glycol structures, head-to-head or tail-to-tail structures with regularly
alternating pairs of substituents on successive carbon atoms are also possible. It has been shown
that head-to-head or tail-to-tail structures are also possible. These arrangements result in 1,2-
glycol structures. The marketed PVA products contain about 2% of the head-to-head or tail-to-tail
type with 1,2-glycol structural units, but this is thought to have little effect on the properties of

PVA [7]. Figure 1-4 shows the head-to-head and head-to-tail structures of PVA.

H 4 Hy H Ho 4 H H
Ot T
OH OH OH OH
Head-to-tail Head-to-head

Figure 1-4 Head-to-head and head-to-tail structures of PVA.



1-1-3. Tacticity of PVA

The three tacticity of PVA (atactic, syndiotactic, and isotactic) are determined by the type of
vinyl ester monomer used in the production of PVA. The PVA commonly used is atactic PVA,
which has a random structure in which the side chains with hydroxyl groups are arranged relative
to the main chain of the polymer. Atactic PVA is obtained by polymerization and saponification
of vinyl acetate. To obtain PVA with high syndiotactic and isotactic stereo-regularity, vinyl ester
monomers such as vinyl pivalate, vinyl benzoate, and vinyl formate, and vinyl ether monomers
such as benzyl vinyl ether and fert-butyl vinyl ether are used [8-13]. These monomers are
characterized by having bulky substituents. Monomers with these bulky substituents can
polymerize polymers with predominant stereo-regularity by inducing steric hindrance between
neighboring substituents upon polymerization [14, 15]. High molecular weight PVA with high
syndiotacticity can be tailored from the polymerization and saponification of vinyl pivalete.

It is well known that when the stereo-regularity of PVA is high, it has a significant impact on
physical properties due to its easy crystallization and increased crystallinity. It has been reported
that increased syndiotacticity affects physical properties such as solvent solubility, melting point,
heat resistance, and mechanical strength [16, 17]. For example, PVA, which is water soluble, can
be dissolved in water or hot water, but syndiotactic PVA is almost insoluble in water; it is also
almost insoluble in dimethyl sulfoxide (DMSO), which is often used as a good solvent for PVA,
except under heating conditions. Figures 1-5 show the stereoregularity of atactic, syndiotactic,

and isotactic PVA.



OH OH OH OH OH OH OH

Atactic
OH OH OH OH OH OH OH
- - - Syndiotactic
OH OH OH OH OH OH OH
Isotactic

Figure 1-5 Tacticity of PVA.

1-2. Modification of PVA
1-2-1.  Functionalization of polymer

The use of a single plastic material is often limited by its physical properties and other issues.
For this reason, the use of plasticizers and additives to improve physical properties is used in a
variety of plastic products. Improvement by additives is superior to synthesizing new materials
in terms of cost. On the other hand, many plasticizers are carcinogenic, and their use is a cause
for concern. However, it is true that modifications have improved glass transition temperature,
heat resistance, crystallinity, molecular orientation, and mechanical strength, and have improved
functional aspects [18-20]. For example, the addition of lithium halide such as lithium bromide
(LiBr) to polyamide 6 (PA6) and polymethyl methacrylate (PMMA) was reported to improve
optical and mechanical properties [21, 22]. These effects have also been confirmed by addition to

PVA, and there are actually several research reports as described in 1-2-2.



1-2-2. Functionalization of PVA with metal salts

The addition of alkali metal salts, including lithium halides, to PVA is known to affect the
melting point, crystallinity, and mechanical properties. O.N. Tretinnikov and S.A. Zagorskaya
investigated the crystallinity of PVA films prepared by adding lithium chloride (LiCl), sodium
fluoride (NaF), and other alkali halides of metals were added to aqueous PVA solutions and the
crystallinity of the films prepared by the casting method was investigated using Fourier transform
infrared spectroscopy (FT-IR). The results showed that the crystallinity of PVA increased for the
salts excluding LiCl, while the films containing LiCl showed a significant decrease in crystallinity.
They also reported that the maximum value of the stretching vibration of the hydroxyl groups was
shifted compared to the film without salt, and that the magnitude and direction of this shift
depended on the type and radius of the ions [23]. They further investigated PVA films with lithium
bromide (LiBr) and lithium iodide (Lil) in addition to LiCl by FT-IR. The results showed that the
crystallinity of the films containing lithium salts decreased to 0~7% compared to the films
containing non-lithium salts. In addition, the crystallinity increased in films containing non-
lithium salts. This is because as water evaporates from the film during formation, the hydroxyl
groups of PVA become free and can form hydrogen bonds with each other. At this time,
competition for water molecules occurs between the non-lithium salt and the hydroxyl group,
which increases according to water evaporation. As a result, the hydroxyl group passes the bound
water molecules to the salt ion. This process of -OH---H>O hydrogen bond cleavage and -OH to
-OH hydrogen bond formation is more likely to result in higher crystallinity due to higher water
content and therefore easier molecular chain migration compared to a solution without salt. For
films containing lithium salt, it can be assumed that lithium ions are bonded not only with water
molecules but also with hydroxyl groups. We concluded that these suppression of crystallinity

and the high affinity of lithium salt to hydroxyl groups are due to the high affinity of hydroxyl



groups to oxygen atoms and lithium ions [24]. The high affinity of lithium ions with alcohols such
as -OH is well known, as reported by N. L. Ma et al. in their study of alkali metal cations
containing lithium ions interacting with short-chain alcohols [25].

When PVA is processed into films or fibers, it is generally used as a solution dissolved in
water or DMSO. This is because the melting point and decomposition point of PVA are close to
each other, and PVA has almost no thermoplastic, making it difficult to be molded by heat. We
have discussed the crystallinity of PVA films with metal salts (especially lithium salts), and here
we describe the rheological properties of PVA aqueous solutions with lithium salts. R. A. Saari et
al. evaluated the rheological properties of aqueous PVA solutions with LiCl, LiBr, and Lil with
respect to frequency dependence [26]. In their report, they found that the plateau modulus in the
low-frequency range was reduced by the addition of lithium salts and increasing temperature.
Among the lithium salts, Lil showed the most significant effect. This was explained by the
Hofmeister series (HS), which indicated that this was due to the iodide ion acting as a water-
structure breakers. In other words, Lil acts as a water-structure breakers in a PVA solution because
it reduces hydrogen bonds between hydroxyl groups and affects rheological properties. As
mentioned above, lithium ions have a high affinity for alcohols such as -OH, and Li"*--OH bonds
are easily formed. However, they revealed that it is not only cations that inhibit hydrogen bonds
between hydroxyl groups, but also anions that are strongly affected. The ability of anions to inhibit
hydrogen bonds can also be explained by HS [27]. Figure 1-6 show the cations and anions
arranged according to HS. The ions on the left have low solubility of the polymer in the solvent
and have a salting-out (aggregation) effect and are called water structure-forming ions. The ions

on the right have high solubility in the polymer and have a salting-in (solubilization) effect [28].



Cations K+ Na* Cs* Li* Rb* Mg?* Ca%*

@Salting-out (aggregate) Salting-in (solubilize) @

Anions S04 F CIF Br NO* | CIO* SCN-

Figure 1-6 Hofmeister series.

The relationship between PVA film and HS was further investigated by R. A. Saari et al. using
lithium perchlorate (LiClO4) and lithium sulfate (LiSO4) in addition to lithium halide [27].
LiClOy affected PVA crystals more strongly than Lil. In other words, ClO4 suppressed hydrogen
bonding more significantly than I according to HS. Since the suppression of hydrogen bonding
decreases the crystallinity of PVA, it can be expected that the decrease in salt will temporarily

create a low crystallinity state and improve the processing performance of PVA.

1-2-3.  Modification of PVA hydroxyl groups

Modification of polymer side chains is a common study to improve their properties and add
new functions; in the case of PVA, some hydroxyl groups have been replaced with other
functional groups to add hydrophobicity and photocrosslinkability. Photocrosslinking PVA has
been investigated as a scaffold material in fields such as tissue engineering, taking advantage of
its advantages such as low toxicity [29-31]. Scaffolding materials serve as temporary substitutes
for extracellular matrices and other materials, and are intended for tissue repair by anchoring cells
and supporting their growth [32]. The addition of methacryl groups is often used as the main
synthetic method for photocrosslinked PVA [33]. One example of its synthesis is shown in Figure

1-7.
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Figure 1-7 Synthesis of PVA methacrylate.

1-3. PVAfiber
1-3-1. PVA fiber

PVA fiber is made by spinning PVA into fiber, which is widely used as a reinforcing agent for
cement due to PVA's alkali resistance and other characteristics. PVA fiber can be made by wet
spinning or dry spinning. Recently, gel spinning using organic solvents to produce high-strength
PVA fibers has become popular. The melt-spinning method is not an appropriate spinning method
due to the low thermoplasticity of PVA. Therefore, it is generally produced by wet spinning
method using PVA aqueous solution. Unlike other synthetic fibers, PVA fiber is water soluble and
can be dissolved in water even after the spinning process. Therefore, PVA fibers are subjected to
heat treatment and formaldehyde formalization to enhance their water resistance. Figure 1-8

shows the manufacturing process of PVA fibers.

Wet spinning Heat-treatment formalization

Figure 1-8 Flow to formalization of PVA fiber.

1-3-2.  Wet spinning process
The wet spinning process is a manufacturing method in which fibers are extruded from a
solution tank through a nozzle into a coagulation bath. In the wet spinning process, PVA is

completely dissolved in hot water to create an aqueous PVA solution. Impurities that can cause

10



problems in the spinning process are removed from the PVA solution by filtration and used in the
spinning process. The spinning solution is then discharged through narrow holes in the discharge
nozzle into the coagulation bath and wound to form fibers. The coagulation bath is filled with a
saturated sodium sulfate solution, which rapidly dehydrates and solidifies due to osmotic pressure
differences. The fiber is then stretched, washed, dried, heat-treated, and finally formalized. The

wet spinning process is shown in Figure 1-9.

Solution tank

Drawing R(

A A m
\ /11 [l

Coagulation bath Washing bath Drying chamber

Figure 1-9 Wet spinning process for PVA fiber.

1-3-3.  Mechanical properties enhancement of PVA fiber

Although PVA fibers are known to exhibit high mechanical strength, their properties are
limited and their use is restricted. Improvements have been made to increase the strength of PVA
fibers by improving the spinning method and using additives. For example, gel spinning has been
used as a spinning method. PVA is dissolved in DMSO, and the PVA solution is spun by
discharging it into cold methanol. This is commercialized as “KURALON K-II” by Kuraray Co.
However, there are concerns about the use of organic solvents and other factors, so ideally, wet
spinning is used to increase strength. Boric acid is a well-known additive, which is also added to
industrially produced PVA fiber. Boric acid forms mono diol, double diol, and hydrogen bonds

with PVA molecules [34, 35]. This reduces hydrogen bonds between hydroxyl groups and
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decreases the entanglement of PVA molecular chains. Furthermore, the mechanical strength of
PVA fibers can be increased by increasing the drawing ratio. Figure 1-10 shows a schematic

diagram of the reaction of PVA and boric acid.
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H H
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1] | ¢ S
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W Y\O/M — — = Hydrogen bonds
T

Figure 1-10 Reaction of PVA hydroxyl groups with boric acid |34].

Recently, a new method for increasing the strength of PVA fibers using metal salts was
reported by R. A. Saari et al [36]. This method reduces hydrogen bonds in PVA by adding LiBr
to a PVA solution, and wet spinning and drawing are performed in this state. The reasons for the
difficulty in increasing the strength of PVA is the strong hydrogen bonding between the hydroxyl
groups. When hydrogen bonds are strong, it is difficult to increase molecular orientation by
stretching PVA fibers. However, the addition of lithium salt has the effect of reducing hydrogen
bonding. Therefore, spinning and drawing with reduced hydrogen bonding resulted in improved
mechanical properties compared to the case without salt addition. In particular, the improvement
of molecular orientation of PVA fibers was achieved by reducing orientation defects by adding
LiBr and by increasing the drawing ratio. In addition, the addition of Lil has enabled drawing at
a higher drawing ratio than LiBr, further increasing the strength of the material [37]. Figure 1-11

shows the effect of salt addition on the molecular chains of PVA fibers and the state of molecular
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orientation after stretching. Crystals are formed by hydrogen bonding between hydroxyl groups
when PVA is wet-spinned into fibers and rapidly dehydrated. However, in the presence of salt,
the amount of crystals formed is reduced due to the reduction of hydrogen bonds. When fibers in
both states are stretched, if there are no salts and strong interaction of PVA are present, the drawing
ratio cannot be improved and molecular orientation is reduced due to the formation of orientation
defects. When salts are added, the low interaction of the PVA fiber allows it to be easily stretched,
which improves its molecular orientation. PVA fibers with high molecular orientation have very
high mechanical strength, which opens up applications as reinforcing fibers for composite

materials.

No salt

=

Stretching

~
\ Salt

° ———
e
mmm PVA crystal
— PVAmolecular chain ?
=¢= OQOrientation defect

® Salt(Anion, Cation)

Figure 1-11 Schematic of molecular orientation of PVA by stretching.
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1-4. Composite materials

A composite material (CM) is a material that combines two or more materials for the purpose
of improving material properties, and these materials have clear boundaries within the material.
Among them, fiber-reinforced plastics (FRP) are well known and used in various fields. There
are several types of FRP depending on the reinforcing fibers, with carbon fiber reinforced plastic
(CFRP) and glass fiber reinforced plastic (GFRP) being the main types. FRP is often used in the
aerospace industry, automobiles, and infrastructure facilities because of its light weight and high
strength [38-41]. The mechanical properties of FRP are due to the strong anisotropy of the fibers.
In general, the strength of FRP is proportional to the fiber content, since the strength of the matrix
can be neglected compared to the strength of the fibers in FRP. However, in practice, it is difficult
to achieve the theoretical strength due to factors such as fiber orientation disorder. Furthermore,
when the fiber content exceeds 70%, it becomes difficult to make the matrix uniform and the
strength decreases [42].

Carbon fiber, the reinforcing fiber of FRP, is lightweight and shows excellent performance in
terms of tensile strength and Young's modulus, but it has serious drawbacks in terms of energy
consumption and treatment problems during manufacturing. As a result, carbon fiber is expensive
and has a high environmental impact. Solving these problems is the most important issue for the
future composites industry. Recently, cellulose nanofibers and PVA fibers have been investigated
as new reinforcing fibers [43-45]. PVA, in particular, has high mechanical properties and low
environmental impact, making it a promising candidate for use as a reinforcing fiber. PVA fiber
is already commonly used as a cement reinforcing agent, for example, due to its alkali resistance
and other properties [46-48]. However, PVA fibers have low molecular orientation due to strong
hydrogen bonds that inhibit stretching and cause orientation defects, and they do not exhibit

inherent strength. These problems must also be solved for use as reinforcing fibers. The
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application of PVA fiber as a reinforcing fiber is a means to solve the environmental impact and
price issues in FRP. In other words, increasing the strength of PVA fiber is likely to be one of the

major roles in the fiber industry in the future.

1-5.  Polyvinyl alcohol hydrogel (PVA-H)
1-5-1.  Hydrogel and structure

PVA can form hydrogels when its cross-linked structure is hydrated. Hydrogel is a substance
with a three-dimensional network structure that holds water inside and is insoluble in solvents, as
well as its swollen form. Hydrogels are known to exhibit the properties of elastic solids because
their structure makes them soft and easily deformable [49]. Hydrogels are classified into
physically crosslinked and chemically crosslinked gels based on the type of crosslinking. The
cross-linking points of physically crosslinked gels are bonded by ionic bonding, hydrogen
bonding, and dipole interactions. On the other hand, chemically crosslinked gels are composed of
crosslink points formed by covalent bonding, and thus have excellent mechanical properties and
degradation resistance. Schematic diagrams of physical and chemical gels are shown in Figure 1-
12. Unlike metals and ceramics, hydrogels have a moisture content similar to that of living tissue.
In addition, the Young's modulus of hydrogel can be adjusted by adjusting the water content.
Hydrogels have been studied in a wide range of fields such as tissue engineering, drug delivery

systems, artificial muscles, and artificial cartilages [49-58].
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Figure 1-12 Schematic diagram of physical and chemical gels.

PVA forms a physical cross-linked gel by microcrystallization through hydrogen bonding.
PVA hydrogels (PVA-H) formed by physical cross-linking are considered to be excellent as
artificial cartilage because they exhibit frictional behavior and physical properties similar to those
of cartilage [58, 60, 61]. However, PVA-H is a bioinert material and has problems with adhesion
to joint surfaces, etc. Furthermore, PVA-H lacks mechanical strength and lubricity, and cannot be

applied for the clinical use as a substitute for articular cartilage at present [62].

1-5-2. PVA gelation methods

There are several methods for gelation of PVA. Typical methods for forming physical cross-
links include ultraviolet and gamma (y) ray irradiation. In the former, molecules are joined
together via free radicals produced by thermal decomposition of initiators, while in the latter,
cross-linking occurs via ions produced from water by irradiation. Simpler and most commonly
used is the freeze-thaw method [63-66]. This method improves the gel fraction and strength by
freezing PVA-H at -20 °C for about 1 day and thawing it at 4 °C or room temperature for 2~3

times. However, PVA-H prepared by the freeze-thaw method contains both microcrystalline and
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amorphous regions due to phase separation that occurs during freezing, resulting in a non-uniform
network structure and a white, cloudy appearance. Also, sufficient mechanical strength cannot be
obtained [65]. S.-H. Hyon et al. reported PVA-H with transparent, high mechanical strength and
high water content by dissolving PVA in a mixed solvent of DMSO and water and crystallizing
at -20 °C at low temperature [67]. This low-temperature crystallization method is commonly used
as a preparation method for PVA-H in research fields such as biomaterials. For example, the high
transparency of the material has been used for contact lens applications [68]. However, DMSO
also has toxic properties such as high skin penetration and oxidizing power, making its use as a
biomaterial unprofitable.

T. Sakaguchi et al. reported a hot press (HP) method that can prepare transparent PVA-H with
high mechanical strength using only water and PVA [69]. HP method can be prepared by mixing
water/PVA = 50/50 weight ratio and then heating and pressing it in a press. Since PVA does not
need to be dissolved, PVA-H can be made at high concentrations, which was not possible, and
organic solvents such as DMSO do not need to be used. It also exhibits an extremely high Young's
modulus, which makes it promising for use as artificial cartilage and joint prostheses. The process

of making PVA-H by the HP method is shown in Figure 1-13.

Press

Water/PVA = 50/50

Figure 1-13 Gelation of PVA by hot press (HP) method.
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1-6.  Applications of PVA-H
1-6-1. Application as artificial joint cartilage

Numerous studies have been conducted on articular cartilage prostheses, and their
performance has evolved over the years. Recently, artificial articular cartilage materials utilizing
high-strength gels such as hydrogels and double network (DN) gels have been studied [70-73]. In
particular, cartilage repair materials based on DN gel have high mechanical properties and
excellent frictional properties. However, joints must be highly reliable materials because they are
subjected to very high long-term loads. Because of its high mechanical and frictional properties,
water content similar to that of living organisms, and biocompatibility, PVA-H shows promise for
use as artificial articular cartilage, and many studies have been conducted. Kobayashi et al.
fabricated PVA-H artificial cartilage and evaluated it by replacing the femoral head of a dog, and
reported the problems and future improvements of PVA-H artificial cartilage [74]. The authors
concluded that there are still some problems regarding adhesion to biological tissues and long-
term effects, but that improvements in these areas will lead to promising future developments.
The following is a brief description of hip joint replacements, which are frequently applied to
artificial articular cartilage replacements.

This section describes the structure of the artificial articular cartilage currently in use. There
are many hip prostheses on the market. Many joint prostheses can also be classified by shape and
material, and can be divided into total hip replacement (THR) and resurfaced hip replacement
(RHR) structures [75]. A comparison of their structures is shown in Figures 1-14. The THR
consists of a stem, femoral head, acetabular cup and cement or metal shell; the RHR consists of

an articulating surface covered by a conventional cup and head liner.
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Figure 1-14 Total and resurfacing hip arthroplasty [ 75].

Plastics, metals, and ceramics are used as materials for THR and RHT (implants). Plastic is
used only for the socket, while other materials are used for both the head and cup. Common
material combinations include the following. Metal-on-Plastic (MoP), Ceramic-on-Plastic (CoP),
Ceramic-on-Ceramic (CoC), and Metal-on-Metal (MoM) (Figure 1-15). Although these hip
prostheses are very good and widely used, they also have several problems such as aseptic
loosening and wear. As a result, damaged hip prostheses must be replaced by revision surgery,

which places a heavy burden on the patient [76].

Soft on hard | ‘ Hard on hard |
¥
Metal on plastic Metal on metal Ceramic on ceramic Metal on metal

resurfacing

Ceramic on plastic

Figure 1-15 Coupling of materials for artificial hip implants |75].
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1-6-2. Blood vessel biomodel using PVA-H

In recent years, endovascular treatment, in which a medical device such as a catheter is used
to treat a diseased area from the inside of a blood vessel, has been increasing as a means of treating
cardiovascular diseases in particular. This technique is less invasive and less burdensome to
patients than surgical procedures. However, because endovascular treatment is performed inside
complex blood vessels, it requires a high level of skill and experience. For this reason, bio-models
that mimic blood vessels are used for training to improve the surgeon’s technique. It is also
expected to be applied to the evaluation of medical devices for endovascular treatment, evaluation
of treatment strategies (preoperative conferences), development of surgical techniques, and
informed consent [77-79].

Silicon used to be the most common material for biomodels, and it is still used today. However,
the surface frictional resistance and elastic modulus of silicon models are not very similar to those
of human blood vessels. Therefore, attention was focused on PVA-H biomodels, whose
mechanical properties are very similar to those of human blood vessels. PVA-H is also highly
transparent, making it possible to directly view medical devices during actual training. Currently

commercially available PVA-H biomodels are shown in Figures 1-16.

Figure 1-16 Commercially available PVA-H biomodel [80].

As mentioned above, the common preparation methods for PVA-H are freeze-thaw or low-
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temperature crystallization. The former method is not suitable for biomodels because it produces
a cloudy gel. Therefore, PVA-H biomodels currently available on the market are produced by
cryocrystallization using DMSO. Since the biomodel is not actually placed in a living organism,
there is no problem with the use of organic solvents. However, it is reasonable to refrain from
using DMSO because of concerns about toxicity, considering environmental pollution and the

need to improve the handling of the biomodel.

1-7.  Purpose of this research

This study is based on the concept of "DMSO free" and is to modify it by improving metal
salts, solvents, and fabrication methods, and by using PVA with different tacticity. In Chapter 2,
we present research on the creation of high-strength PVA fibers for composite materials with low
orientation defects and high molecular orientation through advanced stretching with suppressed
hydrogen bonding by adding Lil. In Chapter 3, we present research on the changes in properties
and thermo-plasticization of PVA-H prepared by the HP method using lithium salts for application
to artificial joint cartilage. In Chapter 4, we present a study on the establishment of a gelation
method by the HP method using syndiotactic PVA with high tacticity and the evaluation of the

physical properties of PVA-H. Chapter 5 presents a summary and future prospects for this research.
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Chapter 2: Enhancing the mechanical properties of Poly (vinyl

alcohol) fibers by lithium 1odide addition

2-1. Introduction

This paper reports on the effect of lithium iodide (Lil) on the mechanical strength and
molecular orientation of poly (vinyl alcohol) (PVA) fibers. PVA is a water-soluble synthetic
polymer with hydroxyl groups that exhibits chemical resistance, alkali resistance,
biodegradability, and biocompatibility [1-5]. It is suitable for various applications such as clothing,
food packaging films, biomaterials, and fibers, and it is widely used in our daily lives [3,5-10]. In
particular, a PVA fiber is a highly effective material that can be used for infrastructure equipment
that requires high reliability because it can be mass-produced at low cost and has high mechanical
strength as a crystalline polymer [5,11-14]. PVA fibers are used as cement reinforcement because
they have good adhesion to cement matrixes [5,13]. Research to improve adhesion by modifying
their surface has been conducted frequently in recent years [15,16].

However, PVA fiber is not the only high-performance fiber that has been developed in recent
years. The textile industry has developed many high-performance fibers such as carbon fiber (CF),
glass fiber (GF), and aramid fiber (AF) [17-20]. A great deal of research has been conducted on
fiber-reinforced plastics (FRPs) with high strength and high modulus using these materials
[21,22]. These FRPs are used in many fields, including the automotive and aerospace industries,
ships, and infrastructure facilities, as an alternative to metals and ceramics due to their lightweight
properties [20-24]. However, CF and AF are very expensive, and GF has a weight problem.
Moreover, these fibers have no established disposal method and can hardly be recycled [25-27].
In view of current environmental issues, this is a major challenge that needs to be addressed.

Therefore, this study aims to develop high-performance fibers with excellent mechanical
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properties, low cost, and low environmental impact by using lithium iodide (Lil) as an additive
for PVA fibers.

Recently, some research has focused on the use of the PVA fiber as a reinforcing fiber in FRPs,
and its low cost makes it a promising candidate [28]. In addition, the PVA fiber is extremely
lightweight, making it excellent for FRPs. Nishikawa et al. mixed PVA fibers with polypropylene
and molded them by injection molding [29]. They reported that this greatly improved the
mechanical properties of polypropylene. This research shows promise for the application of the
PVA fiber as a reinforcing fiber. Similar results have also been reported for composites of
polypropylene and GF [30]. However, the use of GF increases weight. PVA fibers have lower
mechanical properties than CF, however, comparable strength to GF can be achieved with perfect
molecular orientation [28,29,31].

Many studies have attempted to increase the strength of PVA fibers, including syndiotactic
poly (vinyl alcohol) (PVA with alternating stereochemistry) [32-34]. However, researchers have
reported that orientation by advanced stretching is difficult for syndiotactic PVA because strong
hydrogen bonds between PVA molecules inhibit high molecular orientation [31]. Also, with the
development of gel spinning and other methods, high-strength PVA fibers are available in the
market. Many studies have been conducted on these fibers [35,36]. However, these spinning
methods use organic solvents and raise concerns about cost and environmental impact. Therefore,
there are issues that need to be addressed. The PVA fiber was developed by Sakurada et al. using
only water as a solvent. This method does not require acid or organic solvents for wet spinning
and does not generate toxic gases in the production process [37].

Recently, Saari et al. added lithium bromide (LiBr), which improves the ductility of PVA
fibers and increases their strength by reducing the hydrogen bonding network [28]. Similarly, they

reported that adding Lil and LiBr to a PVA aqueous solution reduced hydrogen bonding in PVA
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more than LiBr alone [38]. This may result in a higher ductility enhancement effect than LiBr.
In this study, I added Lil to a PVA solution and spun fibers by a wet spinning method. Wet
spinning is a fiber-forming process in which the polymer solution is extruded into a chemical bath
that solidifies the filaments. I chose this method because it can produce fine and uniform fibers
with high molecular orientation. I then heat-stretched the fibers at different temperatures and

ratios and investigated how Lil affected their molecular orientation and mechanical properties.

2-2. Materials and methods
2-2-1.  Materials

PVA was provided by Kuraray Co., Ltd (Tokyo, Japan). The degree of polymerization was
1700, and the degree of saponification was 99.8 mol %. Lil was purchased from Sigma-Aldrich
(USA) and used without further purification. Sodium sulfate (Na2S04) was purchased from
Kanto Chemical Co., Ltd (Tokyo, Japan). Methanol was purchased from Nacalai Tesque (Kyoto,

Japan). Distilled water was used throughout the experimental system.

2-2-2. Sample preparation

The PVA solution was prepared by dissolving PVA in distilled water at 95 °C using a magnetic
stirrer at a PVA concentration of 16 wt %. Lil was then added and stirred until the PVA was
completely dissolved; the amount of Lil added was 0.1 molar ratio to the hydroxyl group of PVA.

The amount of Lil added was determined according to the report by Saari et al [38].

2-2-3. PVA fiber spinning
Wet spinning was performed using a tabletop wet spinning machine (Nakamura Service Co.,

Ltd., Hokkaido, Japan). Figure 2-1 shows the schematic diagram of the spinning apparatus. A
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PVA/LIl solution was discharged from a solution tank kept at 90 °C into a coagulation bath filled
with a saturated sodium sulfate solution. The diameter of the discharge nozzle was 0.2 mm.
Primary stretching was performed at this stage, with a draw ratio (DR) of 4 for the fiber. After
spinning, the fibers were washed with methanol, which does not dissolve PVA, to remove sodium
sulfate and Lil. The fibers with nothing added were designated as pure PVA fibers, while the

fibers with Lil added were designated as Lil-PVA fibers.

Drawing
Spinning

Solution
tank
(90 °C)

Coagulation bath
Na.S0. (45°C)

Figure 2-1 Schematic diagram of wet spinning machine.

2-2-4. Secondary stretching and heat-treatment

Secondary stretching was performed by heat-stretching to improve the orientation and
mechanical properties of PVA fibers using a tensile tester with a thermostatic chamber (Shimadzu
Corporation Co., Ltd., Kyoto, Japan). After reaching the specified fiber temperature, the fiber was
left to stand still for 2 min before stretching. The distance between the chucks was 10 mm. When
stretching, the fibers were bundled and secured at both ends with polyimide tape. After stretching,
the fiber was quenched by spraying it with ethanol and left in place for 1 min. The secondary
extension multipliers were 4%, 5%, 6%, and 7x. The final drawing ratio was the combined ratio
with the primary drawing ratio, which was 16x, 20x, 24x, and 28x. Heat treatment was then

performed in order to induce crystallization. The respective conditions and sample names are
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summarized in Table 2-1. In the sample names, P4 indicates the pure PVA fiber with a primary
stretch only; PL4 indicates the Lil-PVA fiber; P16 indicates the pure PVA fiber stretched 16, and
PL16 indicates the Lil-PVA fiber stretched 16x. For fibers stretched 20x or more, all fibers were
spun with the addition of Lil. P20 indicates the draw ratio, 120-1.0 indicates the temperature and
speed during heating and stretching, and the temperature of heat treatment is shown in parentheses.
If the heat treatment is performed at 150 °C, there are two heat treatment time points indicated by
-1 and -6 after the temperature in parentheses. To avoid the effects of moisture, the samples were

stored in a vacuum desiccator because PVA is hygroscopic.
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Table 2-1 Sample name and preparation conditions.
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2-2-5. Measurements
2-2-5-1. Differential scanning calorimetry (DSC)

Thermal analysis was performed by differential scanning calorimetry (DSC) to investigate the
thermal transitions and crystallization behavior of PVA fibers (DSC6200, Seiko Instruments,
Tokyo, Japan). About 10 mg of each sample was placed in an aluminum pan, sealed with a sealer,
and measured under a nitrogen atmosphere at a temperature increase rate of 10 °C/min. An empty
pan was used as the reference material. Samples were heated from 25 to 350 °C. Crystallinity Xc
was calculated from the value of heat of fusion AH determined from the DSC heating curve using
the following eq. (2-1), where AH,is the heat of fusion (152 J/g) in a perfect crystal of pure PVA

[28,39].

AH
X = —— x100 (9 2—-1
¢ = 3 X100 (%) @-1)

2-2-5-2. Scanning electron microscope (SEM)
The surface and shape of the spun PVA fibers were observed with a scanning electron

microscope (SEM) (TM3030plus, Hitachi, Tokyo, Japan).

2-2-5-3. Tensile test

Tensile tests were performed at room temperature using a tensile testing machine (Series 3360,
Instron, USA) connected to a 5 N load cell. Each fiber was tested individually and fixed between
chucks by fixing both ends to a sandpaper. The distance between chucks was 12 mm, and the
tensile speed was set at 0.2 mm/min. Three measurements were taken for each sample, and the

average value was calculated.
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2-2-5-4. Wide-angle X-ray diffraction (WAXD)

Two-dimensional wide-angle X-ray diffraction (2D-WAXD) was measured using an X-ray
diffractometer (XRD) (Smart Lab, Rigaku Corp., Tokyo, Japan) equipped with an imaging plate.
45 kV, 200 mA Cu Ko radiation was applied to the fiber samples. The exposure time for each
sample was 2700 seconds. The crystalline orientation of the PVA fiber was calculated and
quantitatively evaluated by using the azimuthal distribution in the [101] plane. The orientation

degree A was calculated by the half-width method using the following eq. (2-2) [28].

360 — W,
A= half x

20 100 (2-2)

where Wharr is the half of the maximum value of the peak, i.e., the half-width.

2-2-5-5. Measurement of lithium concentration

Residual lithium concentrations were measured using the Metalloassay Lithium LS Kit
(Metallogenics, Chiba, Japan), a lithium assay kit for measuring lithium concentrations in serum
and plasma. (40) For the measurement, Lil-PVA solution was diluted to the specified value, PVA
fiber solution, dissolved in hot water, and chromogenic solution were added to a 96-well plate.
The absorbance was measured at 550 nm main wavelength and 600 nm secondary wavelength

using a microplate reader (Infinito 200pro M Nano Plus, Tecan Japan, Kanagawa, Japan).
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2-3.  Results and Discussion
2-3-1. Fiber surface observation and fiber diameter measurement by SEM

As shown in Figure 2, SEM images of PVA fibers revealed that there were white substances
around the fiber, which were dried sodium sulfate used in the spinning process to coagulate the
polymer solution into solid fibers. The sodium sulfate solution did not affect the physical
properties of the fiber. The surface of the fiber was very smooth, indicating that no problem
occurred during spinning. However, | observed that none of the PVA fibers were perfectly
cylindrical in shape, which is a common phenomenon in wet spinning (Figure 2-3). In solution
spinning methods such as wet spinning, the fiber shape depends on the solidification rate, which
can vary depending on various factors such as temperature, concentration, and viscosity. Ideally,
circularly shaped fibers have higher strength than non-circular ones because they have less stress
concentration and more uniform load distribution. Therefore, this shape irregularity was a
problem not only for this study but also for other studies involving solution spinning of PVA and
acrylic fibers [41,42]. I calculated fiber diameters from SEM images and obtained average fiber
diameters for each drawing ratio, DR16 [24.0 um], DR20 [20.0 um], DR24 [16.0 um], and DR28

[13.0 um] with small variation (Table 2-2).
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Figure 2-2 SEM images of PVA fibers. (a) Pure PVA DR16, (b) Lil-PVA
DR16,
(c) Lil-PVA DR20, (d) LiI-PVA DR24, (e) Lil-PVA DR28

Figure 2-3 SEM images of PVA fiber shape observed at different angles.

Table 2-2 Fiber diameter at some points and average.

1 2 3 4 5 6 7 8 9 10 Average
[um]
DR4(P4,PL4) 35.0 353 355 40.7 39.6 40.0 28.0 272 455 393 366 * 1.63
DRI6(P16) 27 23.1 232 237 244 235 232 29.1 223 214 236 %042
DRI6(PL16) 264 258 25.7 29.0 28.8 26.1 22 159 237 174 241 % 140
DR20 14.7 194 144 19.8 21.4 203 204 203 23.1 192 193 %087
DR24 16.8 19.2 183 14.0 13.8 16.1 19.1 134 138 158 160 * 0.72
DR28 13.0 13.6 12.6 133 15.0 10.1 12.5 13.9 12.9 135 13.0 = 041
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2-3-2. Thermal analysis of PVA fiber

As shown in Figure 2-4, the DSC heating curve of the PVA fiber reveals different melting
peaks depending on the composition and stretching process. In P4, the melting peak appears at
236 °C, which is a characteristic peak of PVA due to its high degree of crystallization [43].
However, in PL4, the melting peak was reduced to 227 °C because Lil acts as a plasticizer that
lowers the crystallization temperature and disrupts the hydrogen bonding network of PVA [28].
Figure 2-4(b) shows a PVA fiber after secondary stretching that had a higher melting point than
that after only primary stretching. This indicates that secondary stretching increased the
crystallinity and orientation of PVA fibers. The melting point measured from the DSC heating
curve and the crystallinity Xc calculated using eq 1 are shown in Table 2-3.

This result is as expected and is caused by the fact that adding Li salts to PVA reduces
crystallinity: Tretinnikov et al. reported that the addition of alkali metal salts to PVA changes
crystallinity [44]. It has also been reported by Saari et al. that among alkali metal salts, lithium
salts specifically decrease crystallinity [38]. It is known that the affinity between Li ions and
hydroxyl groups (-OH) is high [45]. Therefore, the interaction of Li ions with the hydroxyl groups
of PVA inhibits the hydrogen bonding between them, reducing its strength.

The effect of the Hofmeister series on PVA fibers was also investigated, as it has been reported
to break hydrogen bonds and reduce crystallinity. lodine ions, in particular, have a high hydrogen
bond-breaking capacity [46], which improves the crystallinity of the stretched fibers due to the
stretching and heat generated during the process. The aim of the Lil addition is to suppress the
hydrogen bonding during heating and dissolving, which results in defect-free orientation during
spinning, and the subsequent removal of Lil, resulting in high-strength fibers. To induce
crystallization, heat treatment was performed after secondary drawing, as it was found to be more

effective than simultaneous heat treatment and drawing.
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Figure 2-4 DSC heating curves of PVA fibers. (a) DR4, (b) DR16

Table 2-3 Melting point and crystallinity of stretched PVA fibers. (+ standard error)

Melting point (°C) | Crystallinity (%)
P4 236+0.2 36.2+£0.3
PL4 227 +£0.1 28.3+£0.2
P16 236+ 14 38.7+1.9
PL16 233+£2.5 357+£0.9

2-3-3. Secondary stretching with Lil addition

Figure 2-5 shows the drawn fibers at different draw ratios. In pure PVA, the number of broken
fibers increased as the drawing ratio was increased, but in Lil-PVA, no fiber breakage was
observed as the drawing ratio was increased. This indicates that the addition of Lil suppresses
hydrogen bonding in PVA and reduces crystallinity, thereby improving the ductility of the PVA
fiber. This phenomenon is a major discovery in the process of increasing the strength of PVA
fibers during drawing. Previously, Saari et al. reported that the addition of LiBr to PVA and
thermal drawing increased strength [28], However, its drawing ratio was not very high. In this

research, [ have confirmed that heat-stretching can be performed up to 8x.
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One characteristic of heat-stretching is its temperature dependence. At low temperatures, the
material may break even at a low drawing ratio when the stretching speed was increased. However,
at high temperatures, the material could be stretched without a rupture even at a high drawing
ratio. This behavior is likely due to the state of the molecular chains of PVA. For example, at
lower temperatures, the molecular chains are less mobile, and the molecular chains slide, causing
cleavage during stretching and orientation [47,48]. In other words, higher temperatures increase
the mobility of the molecular chains, thus preventing breakage during stretching. It has also been
found that the temperature and speed during stretching affect the tensile strength and Young’s

modulus of PVA fibers [44].

Figure 2-5 Heat-stretched of PVA fivers. (a) Pure PVA, (b) Lil PVA
The numbers alongside the fibers represent the drawing ratio for heat-stretching.

2-3-4. Tensile test

The results of tensile testing of the fibers are shown. Stress—strain curves for each drawing
and heat treatment condition are summarized. The values of the axes of stress in all graphs are
unified. Nominal stress (in MPa) and nominal strain are also shown in these results.

Figure 2-6 shows the tensile test results for the fiber with only primary stretch (PL4), where
PL4 donates the ratio of final to initial length during drawing. The tensile strength was found to
139 MPa, and its Young’s modulus was 3.2 GPa, which is expected since no advanced stretching,

involving additional heating and cooling cycles, was performed on the fiber. These results are
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being used as a reference point for comparison to results obtained from fibers that have undergone

stretching.

200

150

Stress / MPa
[y
o
o

0
o

0 0.1 0.2
Strain / -

Figure 2-6 Stress-Strain curve of non-drawing fiber (PL4).

Figure 2-7 shows the stress—strain curves for P16 and PL16. As can be seen, there is almost
no difference between P16 and PL16 at 16x. The addition of Lil by itself does not indicate that it
improves strength. However, by adding Lil, it is possible to achieve more than 16x stretched,

which was not possible without lithium addition, as shown in Figure 5.
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Figure 2-7 Stress-strain curves for P16 and P16 fibers.
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Figure 2-8 shows a representative nominal stress—nominal strain curve for a fiber drawn at
120 °C, 1.0 mm/s. Table 2-4 shows the average values and error ranges for tensile strength and
Young’s modulus. It is noteworthy that the differences in mechanical strength with a draw ratio
(DR), which is the ratio of final to initial length during drawing, were substantial. Particularly for
DR28, both the tensile strength and Young’s modulus showed improvement compared to DR20.
Furthermore, the fiber labeled as P28-120-1.0(120), which was stretched at 120 °C with DR28
and heat-treated at 120 °C, displayed the highest value of 775 MPa, serving as the champion data
with an average value of 639 MPa. This indicates that secondary stretching, involving additional
heating and cooling cycles after primary stretching, can enhance the strength of the fiber. It is
worth noting that the effect of secondary stretching on fiber strength is likely influenced by the

conditions of heat-treatment.
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Figure 2-8 Stress-Strain curves of PVA fibers stretched at 120 °C, 1.0 mm/s.
(a) Heat-treatment at 120 °C for one night, and (b) Heat-treatment at 150 °C 1 hour

Table 2-4 Tensile strength and Young's modulus of fibers stretched at
120 °C, 1.0 mm/s. (+ standard error)

Tensile strength / MPa

Young's modulus / GPa

P20-120-1.0(120)

251+134

3.5+0.40
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P24-120-1.0(120) 308+38.4 4.1+0.55
P28-120-1.0(120) 639+ 67.9 9.7+ 0.60
P20-120-1.0(150) 180+ 21.6 3.0+ 0.070
P24-120-1.0(150) 424 +62.0 5.9+0.76
P28-120-1.0(150) 509 £44.5 5.4 +0.60

Figure 2-9 shows the results of the tensile test conducted on fibers stretched at 180 °C and 1.0
mm/s. Table 2-5 shows the average values and error ranges for the tensile strength and Young’s
modulus. The mechanical strength of these fibers was found to be lower than that of fibers
stretched at 120 °C, 1.0 mm/s. Notably, when the heat-treatment condition was 120 °C for one
night (24 h) (P28-180-1.0(120)), the average value was 370 MPa for DR28 and 524 MPa as
champion data, which was lower than those obtained at other conditions. This may be due to the
effect of higher temperature during stretching on the crystals of PVA, which are affected by heat

exposure [5,49,50]. Additionally, the decomposition of PVA can generate volatile products such

as water, carboxyl acid, unsaturated aldehydes, and other unsaturated compounds [51].
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Figure 2-9 Stress-Strain curves of PVA fibers stretched at 180 °C, 1.0 mm/s.

(a) Heat-treatment at 120 °C for one night, and (b) Heat-treatment at 150 °C 1 hour
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Table 2-5 Tensile strength and Young's modulus of fibers stretched at
180 °C, 1.0 mm/s. (+ standard error)

Tensile strength / MPa Young's modulus / GPa
P20-180-1.0(120) 176 + 16.5 40+04
P24-180-1.0(120) 246 £ 31.1 5.9+0.39
P28-180-1.0(120) 370 + 88.0 6.9+0.90
P20-180-1.0(150) 242 +38.8 4.8+0.43
P24-180-1.0(150) 309 +60.5 6.3+0.10
P28-180-1.0(150) 460 + 76.2 7.6+2.0

Figure 2-10 shows the results of tensile tests conducted on fibers stretched at 180 °C and 1.5
mm/s. Table 2-6 shows the average values and error ranges of the tensile strength and Young’s
modulus. The mechanical strength of fibers was found to be significantly improved by increasing
the drawing speed while maintaining the stretching temperature at 180 °C. This improvement can
be attributed to two factors. First, increasing the drawing speed reduced the exposure time of the
fibers to high temperatures, preventing thermal decomposition. Second, high temperature and
high drawing speed can suppress the relaxation of orientation during stretching, which is a
common issue with stretched fibers. When fibers are stretched at high temperatures, the polymer
molecular chain becomes more mobile and can easily be stretched in the direction of stress [47].
However, at high temperatures, the stretched molecular chains also become more mobile, and
some degree of shrinkage occurs when the relaxation time of the molecular chains is long. This
results in orientation relaxation, which reduces the fiber orientation, thereby decreasing strength
and crystallinity [47]. As mentioned above, stretching speed is known to affect the mechanical

strength of fibers, and it has been shown that fibers can attain very high mechanical strength at
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certain speeds [47]. In this study found that the highest value was obtained when the fibers were
stretched at a relatively fast speed of 1.5 mm/s.

In addition to the differences observed in the mechanical strength of fibers under different
drawing conditions, the study found that the heat-treatment conditions also have a significant
impact on the fiber strength. For instance, the fiber heat-treated at 150 °C for 1 h (P28-180-
1.5(150)) exhibited a tensile strength of 1436 MPa and Young’s modulus of 18.9 GPa as champion
data, which was about 1.5 times higher than the highest value obtained for other conditions. This
finding is particularly interesting because heat-treatment is a crucial process used in many
polymer products to improve their crystallinity, toughness, and water resistance [52,53]. Thus,
the results suggest that achieving high fiber strength requires optimizing not only the drawing
conditions but also the heat-treatment conditions. Furthermore, the addition of Lil to suppress
defects in molecular orientation during spinning alone may not be sufficient to achieve high fiber
strength. Saari et al. reported that the drawing ratio of the LiBr-doped PVA fiber in their wet
spinning method was about 10x, and its elastic modulus and tensile strength were 17.5 GPa and
177 MPa, respectively [28]. In this study, I was able to increase the drawing ratio by a factor of
28x, resulting in a significant increase in elastic modulus and tensile strength. This is attributed
to the fact that Lil is more effective than LiBr in inhibiting hydrogen bonding, thereby reducing

orientation defects during stretching.
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Figure 2-10 Stress-Strain curves of PVA fibers stretched at 180 °C, 1.5 mm/s.
(a) Heat-treatment at 120 °C for one night, (b) Heat-treatment at 150 °C for 1
hour,(c) Heat-treatment at 150 °C for 6 hours, and (d) Heat-treatment at 190 °C
for 5 minutes

Table 2-6 Tensile strength and Young's modulus of fibers stretched at
180 °C, 1.5 mm/s. (+ standard error)

Tensile strength / MPa Young's modulus / GPa
P20-180-1.5(120) 316 +£53.1 7.4 +0.50
P24-180-1.5(120) 588 +72.0 9.9+0.41
P28-180-1.5(120) 842 +£76.1 16 £0.39
P20-180-1.5(150) 352+45.5 5.1+0.36
P24-180-1.5(150) 519 +59.1 9.0+0.76
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P28-180-1.5(150) 1078 + 232 16 +2.20
P20-180-1.5(150-6) 250 +12.8 5.1+0.70
P24-180-1.5(150-6) 434 +18.4 6.2+ 1.06
P28-180-1.5(150-6) 710 £27.3 11+0.81

P20-180-1.5(190) 196 + 36.0 3.2+ 0.60

P24-180-1.5(190) 388 +68.3 6.7+ 1.50

P28-180-1.5(190) 668 + 18.4 9.6+ 1.20

Figures 2-11 and 2-12 present a comparison of the tensile strength and Young’s modulus of
fibers subjected to different drawing conditions. The fibers were stretched and heat-treated at
either 1.0 or 1.5 mm/s at 180 °C. There is a large difference between the two drawing conditions.
The numbers on the horizontal axis represent different samples. ‘None’ denotes fibers that were
only subjected to primary stretching without any subsequent heat treatment. “1”” denotes fibers
that were stretched at 180 °C, 1.0 mm/s and heat-treated at 120 °C for one night. “2” denotes
fibers that were stretched at 150 °C for 1 h. “3” denotes fibers that were stretched at 180 °C, 1.5
mm/s and heat-treated at 120 °C for one night. “4” denotes fibers that were heat-treated at 150 °C
for 1 h. “5” denotes fibers that were heat-treated at 150 °C for 6 h. “6” denotes fibers that were

heat-treated at 190 °C for 5 min.
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2-3-5.  Orientation analysis by 2D-WAXD

The crystalline orientation of the fibers subjected to the drawing and heat-treatment conditions
that resulted in the highest strength was investigated using 2D-WAXD. Figure 2-13 displays 2D-
WAXD images of unstretched and stretched fibers at 180 °C and 1.5 mm/s. In the X-ray diffraction
images, the perpendicular direction is along the fiber axis. The stretched fiber exhibits strong

diffraction spots at the equator, indicating that the molecular chains of PVA are oriented.

Machine

direction

Figure 2-13 2D-WAXD images of PVA fiber stretched at 180 °C, 1.5mm/s (The
machine direction is in the direction of the arrow).
(a) DR4, (b) DR20, (c) DR24, and (d) DR28

Figure 2-14 shows the 26 profile at the equator. The profile exhibits a-monoclinic peaks in the
(001), (101), and (200) crystal planes, which can be attributed to PVA. These peaks are easily
identified since they have been previously reported in various studies [54]. The peak around 32—

35°corresponds to sodium sulfate adhered to the fiber during spinning (Figure 2-15). This residue
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is left over from the washing process. As shown in Figure 13, the crystalline orientation of the
PVA fiber is greatly enhanced by heat-stretching, and the (001), (101), and (200) equatorial spots,
which are due to PVA crystals, are stronger than in the DR4 fiber. In particular, the equatorial
spots are smaller for the DR28 fiber, indicating that the crystalline orientation becomes stronger

as the fiber is stretched and the draw ratio is increased.
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Figure 2-14 2 0 profiles of PVA fibers stretched at 180 °C, 1.5mm/s.
(a) DR4, (b) DR20, (c) DR24, and (d) DR28
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Figure 2-152 0 profiles of Pure PVA film and PVA film with sodium sulfate.
Na>SO4 PVA film shows a characteristic peak between 32° and 35°, which is not
seen in Pure PVA.

Figure 2-16 illustrates the azimuthal distribution in the (101) crystal plane. The azimuthal
distribution is used to determine the orientation of the molecular chains of PVA fibers [28,55].
The widths of the peaks at values of B at 90°and 270°0n the equator were evaluated. The
diffraction patterns reveal a stronger orientation for fibers that have undergone secondary
stretching, indicating that secondary stretching has enhanced the molecular orientation of PVA.
Compared to DR4, the difference is significant, with an orientation value of 73.0%, which has
now increased to over 90.0%. In particular, the highest value of 93.7% was achieved for DR2S.
This indicates that it is possible to increase the orientation of the PVA fiber spun with Lil by
stretching while applying heat. However, DR20 and DR24 did not show much difference in the
degree of orientation. With DR28, the range of improvement became somewhat larger, and more
advanced secondary stretching is required to increase the degree of orientation further. Although
this study only evaluated PVA fibers stretched to a maximum of 28X, it was confirmed that it is
possible to stretch PVA fibers to even higher stretch magnifications, which would improve the

degree of orientation.
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Figure 2-16 Azimuthal distribution in the (101) plane of PVA fibers stretched at
180 °C, 1.5mm/s.
(a) DR4, (b) DR20, (c) DR24, and (d) DR28

2-3-6. Measurement of lithium concentration

Residual Lil in the fiber can cause certain disadvantages for the industrial use of PVA fibers.
The runoff of high concentrations of I, Br, and other halogens into the environment can harm
ecosystems and nature [56,57]. Additionally, several studies have been conducted on the risks of
plasticizers in polymer products [58-60]. This means that care should be taken regarding additives
and plasticizers in polymer products. Therefore, I investigated the residual Li concentration.

Table 2-7 displays the Li concentration in the Lil-PVA solution before spinning, the fiber after
spinning, and the fiber after washing. The Li concentration in the final PVA fiber was 0.01 mg/mg.
The Li ion concentration of the Lil-added PVA solution used for spinning was 0.30 mg/mg. In

other words, it was found that about 97% of the lithium was removed compared to the amount of
p
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lithium in the solution state. This indicates that most of the Lil can be removed by wet spinning
and washing. Therefore, PVA fibers produced by this method can be used in many fields without

any issues.

Table 2-7 Measurements of lithium concentration. (£ standard error)

Lithium concentration (mg/mg)

Lil PVA solution 0.30
Fiber after spinning 0.05+0.01
Fibers after washing 0.01 £0.001

2-3-7.  Summary of this study

In this study, I focused on increasing strength by improving ductility and orientation. Although
a significant improvement in mechanical strength was confirmed, there were limitations with the
current method, such as the variability caused by manual wet spinning. However, I found that
stretching of 28 or more was possible, and the improvement in stretchability due to the addition
of Lil was tremendous. It was not possible to obtain the mechanical strength of high-performance
fibers such as CF and GF. However, my proposed wet spinning of the Lil-based PVA fiber can be
easily mass-produced using current equipment. This can minimize the cost increase in industrial
applications to the greatest extent possible. In addition, wet spinning of the PVA fiber is an organic
solvent-free method with a low environmental impact, which is one of the solutions to our current
environmental problems.

In the future, I believe that further improvement of mechanical strength and molecular
orientation can be achieved by using mechanically spinnable equipment to enable uniform
stretching. Furthermore, the interfacial strength of PVA fibers with a matrix resin as FRP

reinforcing fibers should be evaluated.
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2-4. Conclusion

In this study, I proposed a new method for producing high-strength PVA fibers for composite
applications by adding Lil to reduce hydrogen bonds in the PVA molecular chain and improve the
spinnability of the PVA fibers. [ enhanced the mechanical strength of the PVA fibers by improving
their heat stretchability and increasing their level of molecular orientation. I was able to remove
almost all of the Lil added to PVA through the spinning and washing processes. This simple and
effective method of increasing the strength of PVA fibers can be achieved by simply adding Lil
to the PVA solution, which is the raw material for spinning. This technology has the potential to
provide inexpensive, lightweight, and mechanically strong PVA fibers that can contribute to the

development of high sustainability.
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Chapter 3: Effect of lithium halide on mechanical properties and

thermoplasticity of Poly(vinyl alcohol) molded by hot press

3-1. Introduction

Poly(vinyl alcohol) (PVA) is a water-soluble synthetic polymer with hydroxyl groups. PVA is
well known as a low-cost resin with properties such as chemical resistance, alkali resistance,
biodegradability, and biocompatibility [1-3]. It is used in a wide variety of applications, including
clothing, food packaging film, textiles, and polarizing plates [4-6]. It is well known that PVA
forms a physical cross-linked gel by forming hydrogen bonds between hydroxyl groups, and its
hydrogel has been studied for biomaterial applications such as artificial cartilage [7, 8]. PVA
hydrogels (PVA-H) are mostly produced by the low-temperature crystallization (LTC) method.
The LTC method using a mixture of dimethyl sulfoxide (DMSO) and water reported by Hyon et
al was revolutionary and remains the main method for PVA-H preparation [9]. However, the use
of DMSO, with its strong oxidizing power and high skin permeability, is certainly not desirable
[10]. In particular, skin permeability requires exceptional care in handling because of the
possibility of carrying toxic substances into the body. Therefore, it is inappropriate as a
biomaterial.

Recently, Sakaguchi et al. reported the hot press method (HP) method for gelation of PVA
using only water as a solvent [11]. The HP method melts a mixture of PVA and water by applying
a certain pressure under heating conditions. This method is characterized by the fact that it does
not require the use of organic solvents such as DMSO. In addition, PVA-H can now be made at
concentrations as high as 50 wt% because PVA does not need to be dissolved in water, whereas
previously the limit was 20~30 wt% PVA concentration. Because of its high concentration, this

material has high mechanical strength and is expected to be used in applications such as artificial
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joint cartilage. However, gelation by the HP method has a problem in that it is not easy to fabricate
the gel in an arbitrary shape. In addition, PVA has almost no thermoplasticity due to the close
proximity of its melting and decomposition points, so it cannot be molded or otherwise processed
by heat after gelation.

Many studies have reported that the addition of salts, such as metal salts, to polymers can
affect the glass transition temperature, melting point, and optical properties [12-15]. This is also
true for PVA; it is well known that the addition of alkali metal salts to PVA can affect crystallinity
and other properties. Zagorskaya et al. investigated the effect of adding alkali metal salts on the
crystallinity of PVA using Fourier transform infrared spectroscopy (FT-IR) and reported that the
maximum value of the stretching vibration of the hydroxyl group shifted in PVA containing
lithium salt, resulting in a significant decrease in crystallinity [15]. Saari et al. also reported that
the addition of lithium salts to a PVA solution reduced the plateau modulus in the low-frequency
range by suppressing hydrogen bonding [16]. Hydrogen bond suppression between hydroxyl
groups is a very effective means of PVA modification, and several studies have shown that it is
highly effective. For example, Saari et al. reduced hydrogen bonding in PVA by adding lithium
bromide (LiBr), which improved the ductility of PVA fibers [17]. In chapter 2, I succeeded in
spinning high-strength PVA fiber with high orientation by reducing orientation defects by
spinning and drawing PVA with lithium iodide (Lil) added to suppress hydrogen bonds in PVA
[18]. This resulted in a higher increase in ductility than the PVA fiber with LiBr.

Therefore, in this chapter, lithium halide was added to PVA to from hydrogel by the HP
method, and its properties were evaluated in terms of crystalline, thermophysical, and mechanical
properties. The results obtained were compared with PVA without salt addition and discussed. In
addition, the presence or absence of thermoplasticity at the lower melting point that occurs with

the addition of salt was investigated through actual thermoforming, and the mechanical properties
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before and after were also evaluated in a simplified manner. The addition of thermoplasticity to

PVA may improve the processability of PVA-H.

3-2. Materials and methods
3-2-1. Materials

PVA was supplied by Japan VAM & POVAL Co. (Osaka, Japan) The grade was VF-17 with
a degree of polymerization of 1700 and a degree of saponification of 98.0-99.0 mol%. Lithium
chloride (LiCl) was purchased from Fujifilm Wako Pure Chemicals Corporation (Osaka, Japan),
lithium bromide (LiBr) and lithium iodide (Lil) from Tokyo Chemical Industry Co., Ltd, (Tokyo,

Japan). Distilled water was used throughout the experimental system.

3-2-2. Preparation of PVA-H

PVA-H was prepared by the hot press method. The gel preparation procedure is briefly
described below. Salt was dissolved in distilled water to make a salt solution. PVA is added to the
salt solution and stirred well with a spatula. The PVA was then allowed to stand for 15 minutes to
swell. A mold with a thickness of 1 mm was used. The swollen PVA was placed in the mold and
pressed in a hot press machine (ASONE, Osaka, Japan) set at 95 °C for 5 min at 2 MPa, 10 min
at 10 MPa, and finally 15 min at 20 MPa. The product was placed in a polyethylene bag and
allowed to gel for 2 days. Then, they were vacuum dried for 3 days. Finally, they were dried in a
vacuum oven at 50 °C for at least 1 day to allow the water to evaporate completely. The thickness
of the gel produced was 1 £ 0.2 mm. The prepared PVA-H was stored in a vacuum desiccator to
avoid moisture effects until measurement. In this study, the dried state was used for all

measurements. Therefore, the prepared samples are denoted as PVA, not PVA-H.
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3-2-3.  Washing of salts

Some of the salt-added PVA was washed to compare to PVA without removing salt. Washing
was performed by soaking the PVA in distilled water and stirring constantly with a magnetic
stirrer for 5 days. The distilled water was changed daily. After desalting, PVA was completely

dried by vacuum drying for at 3 days.

3-2-4. Thermal melt forming

Thermoplasticity was confirmed by melting and reforming the gel at high temperatures. As a
method, salt added PVA was cut into small pieces. A suitable amount of the cut PVA was placed
in a mold placed on a steel plate covered with a Teflon sheet with a 1 mm thick mold frame and
hot pressed at 180 °C. The hot press conditions were as follows: preheating at 180 °C for 1
minute at 2 MPa, then pressing at 10 MPa for 3 minutes. After completion, the press was left

under pressure for 1 hour to lower the temperature.

3-2-5. Measurement
3-2-5-1. Measurement of light transmittance
The light transmittance of PVA gels was measured using a UV-vis spectrophotometer

(Lambda 235, Perkin Elmer, USA) at 25 °C in the wavelength range 400~800 nm.

3-2-5-2. Fourier transform infrared spectroscopy (FT-IR) (ATR method)

Fourier transform infrared spectroscopy was measured by attenuated total reflection (ATR)
method using FT/IR 4X (JASCO, Tokyo, Japan). Spectra were obtained by scanning 16 times
with a resolution of 4 cm™. The measurement range was 4000~400 cm™'. The crystallinity Xc (%)

of PVA was calculated using eq. (3-1) reported by Tretinnikov et al [19].
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Xc(%) = —13.1 + 89.5(A1144/A1094) B-1

where A1144 is the absorbance at 1144 cm-! and A1994 is the absorbance at 1094 cm-L.

3-2-5-3. Tensile test

Tensile testing of dry PVA and lithium salt-added PVA was performed using an Autograph
AGS-J (Shimadzu Corporation, Kyoto, Japan) equipped with a 100 N load cell. The test
specimens were cut into dumbbell shapes with a dumbbell cutter of Japanese Industrial Standard
(JIS) No. 7, JIS K 6152 standard, and elongated to failure at a rate of 1 mm/min to obtain Young's
modulus and maximum tensile stress. Three measurements were taken for each sample, and the
average values of maximum stress and Young's modulus were calculated. Young's modulus was
calculated from between 0.1~1.5 mm based on Hooke's law.

The specimens after thermoforming were also measured 3 times for each of the samples cut
into dumbbell shapes in the same way. The test conditions and Young's modulus calculation

conditions were the same.

3-2-5-4. Dynamic mechanical analysis (DMA)

Dynamic viscoelasticity was measured using a Rheogel-E4000 (UBM Co., Ltd., Kyoto,
Japan), and the temperature dependence of the tensile storage modulus E’ and loss modulus E”
was measured from -20 °C to 160 °C. Measurements were taken at a frequency of 10 Hz and a
heating rate of 2 °C/min. The cut dry PVA sample was 10 mm long and 5 mm wide. Samples were

stored in a vacuum desiccator until just prior to measurement to avoid the effects of moisture.

3-2-5-5. Measurement of water content

Water content was calculated from the weight of PVA before and after water adsorption. The
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water content was completely evaporated by vacuum drying at 60 “C for 1 day before measuring
the weight when dry. After swelling at room temperature for 3 days, the weight was measured.

Water content Wc was calculated using Eq. (3-2).

Wwet -

w
We (%) = Y % 100 (3-2)

wet

where W, is the weight of PVA-H in the hydrated state and Wy, is the weight of PVA

hydrogel in the dry state.

3-2-5-6. Differential Scanning Calorimetry (DSC)

Thermal analysis was performed by DSC, and the melting point (77,) and crystallization
behavior of PVA in the dry state were investigated using DSC 6200 (Seiko Instruments, Tokyo,
Japan). Approximately 15 mg of each sample was placed in an aluminum pan and sealed with a
sealer. The samples were heated from -10 °C to 350 °C at a rate of 5 °C/min under a nitrogen
atmosphere. An empty aluminum pan was used as the reference material. In DSC, the melting

point appears as an endothermic peak in the DSC heating curve.

3-2-5-7. Measurement of residual lithium concentration

The residual lithium concentration of the washed PVA was determined by dissolving a 1 g
PVA specimen in 10 mL of boiling distilled water to prepare a sample for measurement. The
measurements were made with a lithium-selective dichroic probe using the Lithium Assay Kit
(MAK358) (Sigma-Aldrich, USA). Aqueous solution dissolving PVA and assay buffer were
added to a 96-well plate and absorbance was measured at two wavelengths, 540 nm and 630 nm,

using a microplate reader (Infinito 200pro M Nano Plus, Tecan Japan, Kanagawa, Japan).

73



3-3. Results and discussion
3-3-1. Appearance of PVA with lithium salt added

Figure 3-1 shows the appearance of PVA-H prepared by the HP method; PVA with LiCl and
LiBr was almost transparent. No change in appearance was observed when the amount of LiCl or
LiBr added increased from 4% to 8%. In PVA with Lil, the gel was slightly yellowish due to
iodine. The color was even darker when the amount of Lil added increased from 4% to 8%. In
other words, the color darkens as the amount of Lil added increases and the amount of iodine
present in the gel increases. The results of light transmittance, a quantitative evaluation of
transparency, are shown in Figures 3-2. Almost all samples showed transmittance of about 60%.
This can be attributed to light scattering by the crystals of PVA. In particular, LiCl and LiBrloaded

PVA showed higher transmittance than No salt PVA.

Figure 3-1 Appearance of PVA prepared by HP method with addition of salt.
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Figure 3-2 Light transmittance of PVAs.

3-3-2. FT-IR

The structure of crystalline polymers containing hydroxyl groups, such as PVA, can be
characterized by the amount of crystals and the system of hydrogen bonds. Absorption bands in
the range of 930~1180 cm™ are important for the evaluation of the crystallinity of PVA. In this
range, an absorption band with a maximum at 1094 cm™ formed by overlapping bands of C-O
stretching vibrations of COH groups and a band with a maximum at 1144 cm” due to
crystallization of PVA appear. In particular, the band intensity at 1144 cm™ increases as the amount
of crystals in PVA increases [20, 21]. Tretinnikov et al. reported that the above effect allows the
IR spectrum to be used to calculate the crystallinity of PVA [19]. Therefore, in this chapter, the
spectra at 3000~3600 cm™ and 1000~1200 cm™ are presented in detail and investigated. The

crystallinity was also calculated from the spectra.
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Figure 3-3a shows the IR spectra of each PVA with 4% salt added; absorption bands
corresponding to stretching vibrations of the hydroxyl groups of PVA are observed in the range
3100~3600 cm™ [20]. Almost no peak shift in the absorption band was observed, indicating that
it is almost the same as that of PVA without salt. Since the amount of salt added is not large, it
can be assumed that the effect on the hydroxyl group is small. There is also a band at 1144 cm-1
due to crystallization of PVA. However, only LiCl shows a decrease in band intensity, suggesting
that LiCl affects the crystallinity of PVA more than the other lithium salts and reduces the
crystallinity.

Figure 3-3b shows the case of 8% salt addition; only LiBr and Lil show a shift of the
absorption band maximum of the hydroxyl group to the high frequency region. The peak in the
crystallization band at 1144 cm™ almost disappeared in LiCl. The peak intensities of LiBr and Lil
also decreased compared to the 4% case, indicating that the effect of the salt on the crystals of
PVA increases as the amount of salt added increases.

Figure 3-4a and 4b show the IR spectra of PVA prepared with 4% and 8% salt after desalting
by washing. The maximum value of the hydroxyl band, which had shifted to the high frequency
region at 8%, returned to the same place as in No salt. The peak appeared in LiCl, where the
crystallization band at 1144 cm™ had almost disappeared; an increase in the peak was also
observed in LiBr and Lil. This suggests that the lithium salt present inside the PVA can be almost
completely removed by desalting with water. It can also be inferred that once the lithium salt is

removed, the PVA can crystallize again.
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78



Table 3-1 shows the crystallinity of PVA-H calculated from the IR spectra. Crystallinity Xc
was calculated from the IR spectra according to the formula described in Methods section. The
crystallinity of No salt was 40.7%. The addition of lithium salt decreased the crystallinity. The
percentage decrease in crystallinity was greater when 8% lithium salt was added than that when
4% was added. The decrease was particularly pronounced in 8% LiCl, where the decrease was up
to 30.3%. The crystallinity of PVA with lithium salts after washing and desalting was found to
increase compared to that in the presence of the salts. The lowest crystallinity was observed in
8%LiCl. However, it recovered to 36.6 % after washing and desalting. This means that the
crystallinity can be almost restored to its original state by removing the salt, as mentioned in the
IR spectrum. The decrease in crystallinity was as expected. Normally, PVA crystallizes by
hydrogen bonding between hydroxyl groups. However, in the presence of lithium salt, the
hydrogen bonding is reduced as the hydroxyl group and lithium ion form a Li"---OH bond [16,
20]. It is well known that lithium ions have a high affinity for alcohols (-OH), such as hydroxyl
groups, and that many lithium ions can be dissolved [20, 22]. Several PVA modifications have
been carried out by applying this effect [17, 18]. However, the crystallinity data indicate that the
influence of anions must also be taken into account. Saari et al. found that in aqueous PVA
solutions and PVA films (200 u m thickness), the Hofmeister series (HS) can account for the
strength of the ability of cations and anions, such as lithium ions, to inhibit hydrogen bonds in
PVA [23]. In the case of anions, we reported that iodine ion (I") and perchlorate ion (ClOy4") are
particularly effective in inhibiting hydrogen bonding. However, in this study, the gel containing
I" resulted in a high degree of crystallinity and the gel containing CI resulted in a low degree of
crystallinity. Sorting the anions in order of their effectiveness in inhibiting hydrogen bonding, CI
> Br > T, indicating that CI" is higher and does not follow HS. In other words, for PVA prepared

by the HP method, the crystallinity increased as the size of the salt anion increased. The high
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hydration capacity of halide ions should also be considered as a cause of this [24, 25].

Table 3-1 Crystallinity of PVA prepared by the HP method calculated from IR spectra.

4% 8%

Salt Crystallinity / % Salt Crystallinity / %
No salt 40.7 No salt 40.7

LiCl 354 LiCl 30.3

LiBr 38.0 LiBr 35.8

Lil 38.8 Lil 38.5

4% wash 8% wash

Salt Crystallinity / % Salt Crystallinity / %
No salt 40.7 No salt 40.7

LiCl 43.3 LiCl 36.6

LiBr 37.8 LiBr 394

Lil 39.0 Lil 41.0

3-3-3. DSC

Figure 3-5a and 5b show the DSC heating curves of No salt PVA and PVA containing lithium
salt heated at a rate of 5 °C/min. The endothermic peak at 228.9 °C in No salt is attributed to the
melting point of PVA crystals. This is appropriate because it is close to the previously reported
values for the melting point of PVA [26]. First, I would like to discuss the heating curve of PVA
with 4% salt added. In this case, the peaks of LiCl, LiBr, and Lil are weakly present around
195~200 °C, indicating a lower melting point compared to No salt. Next, I would like to discuss
PVA with 8% salt added. The melting point is further reduced compared to the 4% addition. In
particular, LiCl gives a much lower melting point of 163.2 °C. Similarly, melting point of PVA
with LiBr and Lil also decreased when compared with that with 4% addition. In other words,
increasing the amount of lithium salt added can significantly lower the melting point of PVA. The
effect is particularly strong when LiCl is added. These results also suggest that the melting point

temperature can be varied to some extent arbitrarily by controlling the amount of salt added.
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Figure 3-5 DSC heating curve of PVA prepared by HP method. (a) 4%, (b) 8%

81



Figure 3-6 shows the DSC heating curve of PVA prepared with 8% lithium salt after washing
and desalting. The melting point of PVA with lithium salts was recovered to the same level of
PVA without salt. In other words, the addition of salt temporarily lowers the melting point, making
PVA capable of melting at temperatures lower than the decomposition temperature. This may
improve the processability of PVA. The fact that the melting point has returned to normal also

suggests that most of the salt has been removed.
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Figure 3-6 DSC heating curves of PVA after washing and desalting.
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3-3-4. Tensile test

Figure 3-7a and 7b show some of the stress-strain curves obtained from tensile tests of PVA
with 4% and 8% lithium salt addition. The average values of Young's modulus and maximum
tensile stress are shown in Figure3-8 and 3-9 and Table 3-2. From these data for each, the average
values for No salt PVA were Young's modulus of 660.9 MPa and maximum stress of 44.4 MPa.
In particular, at 4%, LiCl showed the greatest decrease, with a Young's modulus of 145.1 MPa
and a maximum stress of 29.3 MPa. When the magnitude of the decrease in mechanical strength
was sorted by the added salt, LiCl > LiBr > Lil. Regarding the strain, PVA with LiCl, whose
mechanical strength is much lower, is significantly higher than the other PVAs.

Young's modulus and maximum stress are lowest for LiCl at 8% lithium salt addition, as well
as at 4%. It should be noted here that the range of decrease is unusually large, with Young's
modulus and maximum stress of 35.2 MPa and 17.4 MPa, respectively. Compared to 4%, there is
a decrease with LiBr and Lil, but not as much as with LiCl. In other words, the increase in LiCl
addition can significantly reduce the mechanical strength of PVA, such as Young's modulus and
maximum stress. This result can also be corroborated with the lower crystallinity. The strain was
also higher for the PVA with 8%LiCl than that with 4%. In other words, the PVA in 8% LiCl is
more flexible.

The decrease in mechanical strength provides evidence to support that the lithium salt added
to PVA inhibits crystallization. It indicates that not only Li" has an effect, but anions have a strong
influence. In particular, CI is suggested to have a strong influence on the physical properties of

PVA with lithium salt added by the HP method.
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Figure 3-7 Stress-strain curves of PVA prepared by HP method with lithium salt
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Table 3-2 Average values of Young's modulus and maximum tensile stress of PVA prepared by HP

method with lithium salt. (£ Standard deviation)

Young's modulus / MPa Max. stress / MPa

No salt 660.9 + 53.2 44.4 + 2.7
4% salts
LiCl 1451 £ 12.5 29.3 + 0.8
LiBr 234.8 = 10.3 35.3 + 1.4
Lil 419.5 + 23.6 40.3 = 0.2
8% salts
LiCl 35.2 + 29 17.4 =+ 0.8
LiBr 173.1 = 5.6 33.4 + 1.6
Lil 328.3 + 5.5 38.2 + 3.0
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3-3-5. Dynamic mechanical analysis (DMA)

Figures 3-10 to 3-12 show the results of the temperature dependence of dynamic mechanical
analysis at 10 Hz. The addition of lithium salt was found to lower the glass transition temperature
of hot-pressed PVA. This indicates that the lithium salts present between the PVA molecular
chains affect the hydrogen bonding. Figure 3-7 shows the results for PVA with 4% salt added.
Compared to No salt PVA, a decrease in E” was observed at lower temperatures.

Figure 3-10 shows the results for PVA with 4% salt added. Compared to No salt PVA, a
decrease in E' was observed at lower temperatures. In particular, there was a larger shift in LiCl
compared to the other salts. The glass transition temperatures (7,) were as shown below. No salt

PVA: 30.8 °C, LiCl: 10.8 °C, LiBr: 16.8 °C, Lil: 16.9 °C.
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Figure 3-10 Temperature dependence of storage modulus E’ and loss modulus E” of No salt PVA
and PVA with 4% lithium salt at 10 Hz.

Figure 3-11 shows DMA results for PVA with 8% lithium salt. E’ and E” were reduced
compared to No salt PVA as well as with the addition of 4% lithium salt. In particular, there was

a large decrease in the rubbery region for LiCl. However, as shown next, 7, was higher than in

the 4% case. LiCl: 20.9 °C, LiBr: 21.9 °C, Lil: 24.8 °C.
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Figure 3-11 Temperature dependence of storage modulus E’ and loss modulus E”” of No salt PVA

and PVA with 8% lithium salt at 10 Hz.

Figure 3-12 shows the DMA results of PVA after washing and removal of lithium salts. No
salt PVA shows almost the same E’ and E”” as compared to PVA. This suggests that most of the
lithium salt present inside the PVA has been removed. T, was shown next. LiCl: 22.9 °C, LiBr:

19.9 °C, Lil: 23.8 °C.
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Figure 3-12 Temperature dependence of storage modulus E’ and loss modulus E” of No salt PVA
and PVA with lithium salt after washing at 10 Hz.
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3-3-6. Measurement of water content

The water content was measured to corroborate the crystallinity and tensile test results. Water
content is closely related to mechanical properties such as the modulus of elasticity of the
hydrogel, which decreases with higher water content [27, 28]. Therefore, examining the water
content allows for a more detailed consideration of the mechanical properties. It is also expected
that the water content will be affected by hydration of lithium halide and other factors. Figure 3-
13(a) and 13(b) show the water content results for PVA with 4% and 8% lithium salts added and
No salt PVA. Although addition of LiCl showed somewhat higher in terms of water content when
4% lithium salt was added, there was little difference. However, at 8%, a large difference was
observed: 68.2 % for LiCl, compared to 57.0 % for LiBr and 58.9 % for Lil, with LiCl being
about 10 % higher. This can be assumed to be part of the reason for the low crystallinity and
mechanical strength of LiCl. For halide ions, the hydration coefficient increases as the ionic
potential (charge-to-radius ratio) increases. In other words, ions with high ionic potential, such as
CI', have high hydration coefficients and can hydrate more water molecules than I'[25]. Therefore,
it can be assumed that the water content is higher because more water molecules can be retained.
In other words, since a certain amount of water remains after the drying process, I speculate that

the residual water significantly reduces the crystallinity and tensile strength of PVA.
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3-3-7.  Testing thermoplasticity by hot press

PVA has little thermoplasticity due to the close proximity of its melting point and
decomposition temperature. Although the addition of glycerin and other methods have been
proposed to impart thermoplasticity, there are many limitations because they are effective only
with low molecular weight and partially saponified PVA [29]. However, the addition of lithium
halide is characterized by its effectiveness even in fully saponified PVA. In addition, the melting
point is greatly reduced, allowing the PVA to be easily melted below the decomposition
temperature. Another advantage is that the lithium salt can eventually be removed by washing.

Figure 3-14 shows PVA before and after heat molding. Lil PVA was cut into small pieces and
hot-pressed at 180 °C to form a sheet again. Normally, the melting point of PVA is about 230 °C,
so a higher temperature is necessary. However, this is impossible because the melting point and
decomposition temperature of PVA are almost the same [30]. In this case, it was possible because
the melting point was lowered by adding salt. It is also assumed that the addition of salt suppressed
the hydrogen bonding of PVA, which reduced the amount of crystals and the thickness of the
lamellar crystals, as a factor that contributed to the thermoplasticity of the product. Similarly,

thermoplasticity was confirmed for all lithium halides used in this study.

Figure 3-14 Comparison of Lil PVA before and after thermoforming.

Figure 3-15 shows the stress-strain curves of Lil PVA before and after thermoforming. The

average values of Young's modulus and maximum tensile stress are shown in Table 3-3. There
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was a slight decrease in elastic modulus, but the maximum stress was higher than before
thermoforming. Since the maximum strain was also smaller, it can be inferred that crystallization
of PVA progressed due to the high temperature during thermoforming at 180 °C. Although PVA
after thermoforming may have some impact on mechanical properties, it can be considered a

major benefit in terms of improved processability.
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Figure 3-15 Stress-strain curve of Lil PVA before and after thermoforming.

Table 3-3 Average values of Young's modulus and maximum tensile stress of Lil PVA before and

after thermoforming. (% Standard deviation)

Young's modulus / MPa Max. stress /MPa
Lil 8% 328.3 £ 5.5 38.2 + 3.0
After thermoforming Lil 8% 265.2 + 29.6 470 £ 15
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3-3-8.  Measurement of lithium concentration

The ability to remove lithium salts from PVA by washing is very important because the
mechanical properties are restored by removing the lithium salts. In addition, high concentrations
of residual lithium and halogens can be harmful to the human body and the natural environment
[31]. Additives and plasticizers are commonly used in the processing of polymer materials.
However, since elution of plasticizers pollutes the human body and the environment, there are
many restrictions on the amount of plasticizers used, which has become a problem [32-34].
Therefore, I investigated the extent to which the lithium salt added to PVA in this study was
removed by washing. Table 3-4 shows the measured lithium concentrations. Most of the lithium
salts could be removed by washing, and some were below the detection limit of measurement. In
other words, it was shown that almost all lithium salts can be removed by washing PVA in water
for 5 days. Therefore, there is no problem in adding lithium halide for the purpose of improving

the processability of PVA.

Table 3-4 Lithium concentration in PVA before and after washing and desalting.

(% Standard deviation)

Sample Li concentration (mg/L)
No salt PVA - j
4% 27.8 = 0.01
LiCl 4% after washing N.D
8 31.2 + 0.05
8% after washing 0.5 £ 0.16
4% ] 26.7 + 0.37
LiBr 4% after washing 0.2 £ 0.27
8 30.5 + 0.16
8% after washing N.D
4% ] 229 * 0.19
Lil 4% after washing 0.6 £ 0.04
8 25.3 £ 0.16
8% after washing 1.4 + 0.35
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3-3-9.  Summary of this study

This study focused on the property changes and thermoplasticization of PVA with lithium
halide. The addition of lithium salt enabled melting at temperatures lower than the decomposition
temperature, confirming thermoplasticity. However, the behavior was different from the
characteristics reported by previous studies on the effect of lithium halide. One possible reason
for this may be that the high hydration power of CI" makes it easy to contain water, but the
relationship between PVA prepared by hot-pressing and lithium halide needs to be investigated in

detail.

3-4. Conclusion

The addition of lithium halide decreased the crystallinity of PVA. The resulting decrease in
melting point and crystallinity resulted in reduced mechanical properties. This study shows that
the addition of lithium salts can alter the properties of PVA; LiCl has a particular impact on the
properties of PVA, significantly reducing Young's modulus and maximum tensile stress. It
decreased with LiBr and Lil, but was not as strong as LiCl. The effect on mechanical properties
may also be influenced by the hydration power of the halide ions of the added lithium salts.
Shredded PVA could be re-molded by hot pressing, and thermoplasticity could be imparted by
adding lithium salt. Thermo-plasticization by adding lithium salts, which can be removed by
washing, is an effective means of improving the processability of PVA. Although there was little
effect on the physical properties of PVA after thermoforming compared to before thermoforming,

further detailed studies are needed.
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Chapter 4: Effect of gelation and heat-treatment of syndiotactic-

rich Poly(vinyl alcohol) on mechanical properties

4-1. Introduction

Poly(vinyl alcohol) (PVA) is a synthetic polymer with hydroxyl groups. It is used in a wide
variety of applications, including the textile industry, polarizing plates, food packaging films, and
tissue engineering [1-5]. PVA has characteristics such as water solubility, alkali resistance,
chemical resistance, and biodegradability [6-9]. In addition, its low toxicity to organisms and high
biocompatibility have led to much research into its use as a biomaterial [10, 11]. In particular,
PVA hydrogel (PVA-H), which is gelling by physical cross-linking, is suitable as a biomaterial
because, unlike chemical crosslinking, it does not require toxic crosslinking agents [12]. For
example, it is used as a contact lens because of its high transparency and high water content [13].
It is also used as a cell scaffold material in tissue engineering [5].

PVA-H with physical crosslinking exhibits very high mechanical strength due to the formation
of microcrystals by hydrogen bonds resulting. Bray et al. first reported on the application of PVA-
H to artificial cartilage, its application has been extensively studied [14]. This is because PVA-H
exhibits mechanical and frictional properties comparable to those of biological articular cartilage
and is highly biocompatible. However, most PVA-H is prepared using the freeze-thaw (FT)
method [15]. PVA-H produced by the FT method is opaque, cloudy, and has low mechanical
strength due to phase separation between the concentrated and diluted layers during ice
crystallization. In addition, problems such as melting of crystallites and over-crystallization after
a long period of time exist [16]. These are problems that must be considered for long-term use
such as artificial cartilage.

Hyon et al. prepared clear, high mechanical strength PVA-H by low temperature
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crystallization (LTC) method at -20 °C in a mixture of water and dimethyl sulfoxide (DMSO)
[17]. However, the use of DMSO, an organic solvent, for PVA-H as a biomaterial is problematic.
Recently, Sakaguchi et al. reported that PVA-H, which is transparent and has very high
mechanical strength, can be prepared by hot pressing with only water and PVA [18]. In addition,
this technique does not require PVA to be dissolved in water, making it possible to prepare PVA-
H at concentrations as high as 50 wt%. This is a material that holds promise for applications such
as artificial cartilage. However, joints and cartilage are known to be subjected to very strong loads,
and it is unknown to what extent PVA-H will be resistant to such loads.

Many high strength PVA-H have been developed by various methods, including chemical
crosslinking such as double network (DN) gels [19, 20]. However, the most commonly used PVA
is atactic PVA (aPVA). aPVA exhibits a random arrangement of side chains with hydroxyl groups
relative to the main chain and has limited crystallinity. Therefore, the mechanical strength
obtained is also limited. Syndiotactic PVA (sPVA) is a PVA with higher crystallinity than aPVA.
sPVA has a structure in which the side chains, hydroxyl groups, are arranged alternately and
regularly with respect to the main chain. Although sPVA exhibits superior mechanical strength
and crystallinity compared to aPVA, it is generally rarely used. This is because sPVA is almost
insoluble in water and DMSO, making it difficult to handle and impractical.

The synthesis method of sPVA is almost identical to that of aPVA, but the starting monomer
is different. Several studies have reported methods to improve the syndiotacticity of PVA. Yamada
et al. and Nagara et al. reported that PVA with high syndiotactyly can be synthesized by free
radical polymerization of vinyl acetate (VAc) in fluoroalcohol as a solvent [21, 22]. Free radical
polymerization of vinyl esters with bulky substituents as shown in Figure 4-1 is generally widely
used. This is due to the steric hindrance caused by the neighboring substituents. In particular,

vinyl pivalate (VPi) is often used because sPVA with a high degree of polymerization can be
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prepared. The sPVA used in this study is also produced by free radical polymerization of VPi as
a monomer and saponification.

In this study, sPVA hydrogel (sPVA-H) were prepared using sPVA (in this study, syndiotactic
rich PVA that also has atactic in its structure) by a hot press method that does not require
dissolution in water for application to materials requiring high strength and high elastic modulus
such as artificial joint cartilage. The products were then heat-treated at several temperatures and
evaluated in comparison with aPVA hydrogel (aPVA-H) in terms of water content, mechanical

strength, and thermophysical properties.

o
M

H,C” 0~ "CHjs O
_ H,C” O
Vinyl acetate
1 Vinyl b t
H inyl benzoate
Vinyl propionate 0
H,C” 0 gﬂ3
0 HC 75

HzCé\OJ\ACHQ,

Vinyl pivalate
Vinyl butyrate

Figure 4-1 Vinyl monomers commonly used in the synthesis of sSPVA.
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4-2. Materials and methods
4-2-1. Materials

sPVA and aPVA were provided by Japan VAM & POVAL (Osaka, Japan). sPVA had a degree
of polymerization of 1700 and 99.0 mol% saponification. aPVA had a degree of polymerization
of 1700 and 99.8 mol% saponification. DMSO-d6 was purchased from Kanto Chemical CO., INC.

(Tokyo, Japan). Distilled water was used throughout the experimental system.

4-2-2. Gelation of PVA

PVA-H was formed by the hot press method. aPVA/water = 50/50 by weight in the case of
aPVA was stirred well and PVA was allowed to swell for 15 minutes. The mixture was spread
uniformly on a 2 mm thick mold and hot pressed in a hot press machine (ASONE, Osaka, Japan)
setat 95 °C. Hot pressing was performed at 2 MPa for 5 minutes, then at 10 MPa for 10 minutes,
and finally at 20 MPa for 15 minutes. After removal from the hot press, the product was allowed
to gel at room temperature for 2 days while held in the mold. Finally, vacuum drying was
performed for at 2 days. For gelation of sSPVA, sPVA/water = 40/60 by weight is stirred well and
PVA is allowed to swell for 15 minutes. The mixture was spread uniformly in a 2 mm thick mold
and hot pressed in a hot press machine set at 130 °C. The hot press conditions and gelation were
the same as for aPVA. The hydrogels prepared were aPVA-H and sPVA-H. Gelation by the hot
press method and prepared PVA-H are shown in Figure 4-2. Figure 4-3 shows sPVA that was

attempted to dissolve in a mixture of DMSO and water, but was barely soluble.
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Figure 4-3 sPVA not dissolved in a mixture of DMSO and water.

4-2-3. Heat-treatment and swellimg

Heat-treatment was performed in vacuum state on both aPVA-H and sPVA-H. A vacuum oven
set to the specified temperature was used and the following conditions were used: 100 °C, 1 hour;
150 °C, 1 hour; 180 °C, 1 hour. Samples heat-treated at 100 "C were designated aPVA100 and
sPVA100, samples heat-treated at 150 °C were designated aPVA150 and sPVA 150, and samples
heat-treated at 180 °C were designated aPVA180 and sPVA180. After completion of the heat
treatment, the samples were hydrated in distilled water for 3 days, except for those used in the

measurement in the dry state.
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4-2-4. Measurement
4-2-4-1. Nuclear magnetic resonance (NMR)

'H-NMR was used to calculate the tacticity [S]-triad of PVA. DMSO-d6 was used as solvent.
[S]-triad (%) is an indicator of the syndiotacticity of PVA. 'H-NMR of PVA shows three
characteristic hydroxyl proton peaks, [H], [{], and [S]. Here, the peak appearing at the lowest field
indicates isotactic [/]. The peak appearing in the middle indicates atactic (heterotactic) [H], and
the peak appearing at the highest magnetic field is syndiotactic [S]. The [S]-triad (%) was

calculated using the following eq. (4-1) for the integral ratio of each hydroxyl proton.

ad (%) = — 51 _
[S]—trlad(/o)—[1]+[H]+[S]x100 “4-1

4-2-4-2. Water content

The water content of aPVA-H and sPVA-H was measured by allowing PVA-H in a dry state
to become hydrated for 3 days at room temperature. Water content . (%) was calculated using
eq. (4-2).

Wpetr — W,
We (%) — we]t;V dry
wet

where W, is the weight of PVA-H in the hydrated state and W, is the weight of PVA-H in the

X 100 (4-2)

dry state.

4-2-4-3. Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) was measured by attenuated total reflection
(ATR) method using FT/IR 4X (JASCO,Tokyo, Japan). Spectra were obtained by scanning 16
times with a resolution of 4 cm™. The measurement range was 4000~400 cm™. The crystallinity
Xc (%) of PVA-H was calculated using eq. (4-3) reported by Tretinnikov et al [23].

A1144> (4—3)

X (%) = —13.1 + 89.5 (—
1094
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Where 41144 is the absobance at 1144 cm™' and 4194 is the absorbance at 1094 cm’™!

4-2-4-4. Differential scanning calorimetry (DSC)

The melting points of aPVA-H and sPVA-H in the dry state were determined by differential
scanning calorimetry (DSC) (DSC6200, Seiko Instruments,Tokyo, Japan). 10~20 mg of dried
PVA-H was placed in an aluminum pan and sealed with a sealer. An empty aluminum pan was
used as the reference material and the temperature was measured at a rate of 10 °C/min from 0

to 300 °C under a nitrogen atmosphere.

4-2-4-5. Tensile test

Tensile tests of aPVA-H and sPVA-H in the water-containing state were performed in water
using an Autograph AGS-J (Shimadzu Corporation, Kyoto, Japan) fitted with a 100 N load cell
with a water tank. Specimen sizes were as shown in Figure 4-4. The material was elongated to
failure at a rate of 5 mm/min. Young's modulus was calculated based on Hooke's law from a
crinkle between 0.1 and 0.5 mm. Three measurements were taken for each sample, and the
average value was calculated.

12.5 mm

— —

e N
8.0 mm

ww g

Gel thickness 2 mm

Figure 4-4 Shape of dumbbell-shaped specimen.
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4-2-4-6. Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction measurements were performed to analyze the amount of crystals
in the dried state of PVA-H. CuKa rays were generated at a voltage of 45 kV and a current of 200
mA, and the irradiation time was 5 minutes. The camera length was 27 mm and the X-ray
transmission width was 2 mm for all samples, irradiated in the cross-sectional direction of the

hydrogel.

4-2-4-7. Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering measurements were performed to analyze the crystalline state
of dried PVA-H. CuKa rays were generated at a voltage of 45 kV and a current of 200 mA, and
the irradiation time was 3 hours. The camera length was 300 mm and the sample thickness was 2

mm.
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4-3. Results and discussion
4-3-1. Syndiotacticity

Figure 4-5 shows the 'H-NMR spectra of aPVA and sPVA. It is necessary to note here the
three peaks of hydroxyl protons of PVA that appear around 4 to 5 ppm. Three peaks of hydroxyl
group protons appear, which differ according to the tacticity of PVA. [S]-triad is one of the
indicators of the syndiotacticity of PVA. The [S]-#riad of aPVA and sPVA calculated from NMR

spectra was 28.8 % and 36.8 %, respectively.

109



aPVA
Water DMSO
-OH
1 [H [S]
C H,
I R e R ——
sPVA

WAL
&8 .8 & 000008

Figure 4-5 '"H-NMR spectra of aPVA and sPVA.
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4-3-2.  Water content

Figure 4-6 shows the results of water content measurements. In all heat treatment conditions,
sPVA-H had lower water content than aPVA-H. When heat-treated at 100 °C, the water content
of aPVA-H was 60.0 %, while that of sSPVA-H was 36.5 %, showing a nearly twice difference
even at the same heat treatment temperature. Overall, the water content of aPVA-H decreases with
increasing heat treatment temperature. However, in the case of sPVA-H, the water content
decreases from 36.5 % to 29.6 % when the temperature goes from 100 °C to 150 °C, but little
change is seen thereafter, around 25 %. This suggests that the water content of SPVA-H can be
controlled by heat treatment at lower temperature or shorter time than that of aPVA-H. The reason
for the low water content of sPVA-H is thought to be its high tacticity, which makes it easy to
crystallize. Regularly arranged hydroxyl groups easily form hydrogen bonds and easily crystallize
[24]. Highly crystallized PVA then has lower water content due to lower interaction with water.
Another factor contributing to the lower water content is that PVA-H made by the hot press
method has a higher initial concentration of PVA than PVA-H made by the LTC method, resulting

in a higher molecular density and easier crystallization [18].
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Figure 4-6 Water content of heat-treated aPVA-H and sPVA-H.

111



4-3-3. FT-IR

The structure of crystalline polymers containing hydroxyl groups, such as PVA, can be
characterized by the amount of crystallization and the hydrogen bonding system. Within this range,
there is an absorption band with a maximum at 1094 cm™ formed by the overlap of the bands of
C-O stretching vibrations of the COH groups, and a band with a maximum at 1144 cm™ due to
crystallization of the PVA. In particular, the intensity of the band at 1144 cm™ increases with
increasing crystallinity of PVA [25, 26]. Tretinnikov et al. reported that the above effects allow
the IR spectra to be used to calculate the crystallinity of PVA [23]. In this chapter, as in Chapter
3, the spectra at 3000~3600 cm™ and 1000~1200 cm™ were presented in detail and investigated.
The crystallinity was also calculated from the spectra.

Figure 4-7(a) shows the IR spectra of aPVA-H and sPVA-H. (b) and (c) are enlarged. Looking
at the bands corresponding to the stretching vibration of the hydroxyl group of PVA, the maximum
of sPVA-H was shifted to a higher frequency region than that of aPVA-H. In addition, the peak
intensity of SPVA-H is higher in the crystallization band at 1144 cm™. This indicates that the
crystalline amount of sPVA-H is clearly higher than that of aPVA-H.

The obtained IR spectra calculated crystallinity results are shown in Figure 4-8 and Table 4-
1. Compared to aPVA-H, the crystallinity of sSPVA-H is generally higher. It is also characteristic
that the crystallinity increases as the heat treatment temperature increases. Heat-treatment is often
used to increase the crystallinity of polymers including PVA and other materials. However, it is
noteworthy here that even when heat-treated at the same temperature, a higher degree of
crystallinity is observed for the sSPVA-H. This indicates that sPVA crystallizes more easily than
aPVA. It is also interesting to note that the crystallinity of aPVA180 is almost the same as that of
sPVA100. In other words, SPVA can achieve a high degree of crystallinity even when heat-treated

at low temperatures. In particular, heat treatment of SPVA-H at 150 °C or higher is the best means
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to produce PVA-H with a crystallinity of 50 % or higher. As can be seen from the results, sSPVA-
H has a larger amount of microcrystals than aPVA-H, and it can be inferred that a stronger

crosslinked structure is formed.

(a) (b) (c)
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Figure 4-7 IR spectra of aPVA-H and sPVA-H.
(a) All, (b) 3000~3600 cm™, and (c) 1000~1200 cm'*
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Figure 4-8 Comparison of crystallinity calculated from IR spectra.

Table 4-1 Crystallinity values calculated from IR spectra. (* Standard deviation)

Sample  Crystallinity / %
aPVA100 384 + 0.8
aPVA150 404 + 2.1
aPVA180 429 + 21
sPVA100 446 + 1.9
sPVA150 469 + 25
sPVA180 50.2 + 0.8

114



4-3-4. DSC

Figure 4-9(a) and (b) are DSC heating curves of aPVA-H and sPVA-H in the dry state heated
at a rate of 10 °C/min. The melting point of sSPVA-H is more than 10 °C higher than that of aPVA-
H. In other words, it is assumed that the crystal structure has been changed and the thickness of
the lamellar crystals has increased. Since the melting point of aPVA100 is close to the value
reported as the melting point of PVA, it is considered that in the case of aPVA, no change in the
crystal structure occurs after heat treatment at 100 °C. However, in the case of sPVA100, the
temperature is as high as 248.8 °C. In other words, it can be inferred that sPVA is easily
crystallized. The melting point of aPVA-H also improved as the heat-treatment temperature
increased, while the melting point of sSPVA-H remained almost unchanged as the heat treatment
temperature was increased. This indicates that crystals showing a high melting point have already
been formed in sPVA-H. The heat-treatment causes a change in crystallinity, but the crystal
structure itself shows little change. In the case of aPVA-H, it can be inferred that the crystal

structure is changed to a crystal structure showing a high melting point by heat-treatment.
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Figure 4-9 DSC heating curves. (a) aPVA-H, and (b) sPVA-H
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4-3-5. Tensile test

Figure 4-10 shows the Young's modulus results obtained from the tensile test. Compared to
aPVA-H, sPVA-H shows some higher Young's modulus even at lower heat-treatment temperatures.
In particular, sSPVA180 showed the highest value of 58.8 MPa. This value is significantly higher
than that of aPVA180. Even in the case of aPVA180, the value was lower than that of SPVA100.
This indicates that sSPVA-H has significantly higher mechanical properties than aPVA-H. In other
words, Young's modulus improves with increasing heat treatment temperature in sPVA-H. The
effect of this improvement is significantly higher than that of aPVA-H, and a level of high Young's
modulus that cannot be achieved with aPVA-H can be achieved. However, although the sPVA
exhibited a high Young's modulus, the amount of strain was very small, resulting in a hard and
brittle gel state. This could possibly be improved by increasing the temperature and duration at
the time of water impregnation, but in this case, there is also concern about a decrease in Young's
modulus. There is also a possibility to control the Young's modulus of sPVA-H by changing the
temperature and duration of heat-treatment.

Consideration is given to Young's modulus and water content obtained from tensile testing. In
the case of sSPVA100 and aPVA 180, which had similar water content, sSPVA100 showed a higher
elastic modulus. This can be attributed to the fact that sSPVA-H easily crystallizes at low heat

treatment temperatures due to its excellent tacticity.
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Figure 4-10 Young's modulus obtained by tensile testing.
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4-3-6. WAXD

Figure 4-11 shows the 20 profiles at the equator of XRD of aPVA-H and sPVA-H measured
in the dry state after heat treatment. For crystalline PVA there is a maximum peak at [101] (19.4°
(4.68 A)) and a sharp crystalline reflection peak with a shoulder at [101] (20°(4.43 A)). In
particular, the peak intensity at 19.4° depends on the crystalline amount of PVA; if it is broad, it
indicates amorphous. These diffraction intensities are stronger when a larger amount of crystals
are present Clear peaks were observed for both aPVA-H and sPVA-H, suggesting that both have
high crystallinity. In particular, the peak intensity is observed to be strongest for sPVA180,
indicating that the amount of crystals is higher than for other hydrogels. However, the diffraction
patterns are almost identical for aPVA and sPVA. In other words, the crystal structures of sPVA-
H and aPVA-H are almost identical [24]. The crystal size distribution and other details need to be

further investigated using small-angle X-ray scattering and neutron scattering methods.
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Figure 4-11 20 profiles of aPVA-H and sPVA-H.
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4-3-7. SAXS

Figure 4-12 shows the SAXS profiles of aPVA-H and sPVA-H measured in the dry state after
heat treatment. Broad scattering was observed at 20 around 0.9 ~ 1°. This scattering indicates the
average distance between microcrystalline structures. The value calculated from Bragg's law
shown in Eq. (4-4) was 9 nm for aPVA. However, the value for sSPVA100 was 9 nm, the same as
that for aPVA, while sPVA150 and sPVA180 showed values of 10 nm or higher. In other words,
the greater distance between the microcrystalline structures may be a factor in the gel's high elastic

modulus but brittleness.

120



aPVA100

—aPVA150

—aPVA180
3
14V
2
‘B
C
e
£

J . . .
0 0.5 1 1.5 2
20 / Degree

(b) sPVA100

—sPVA150

9.29 nm —sPVA180
3
14V
2
‘B
C
e
£

J 1 L 1
0 0.5 1 1.5 2

20 / Degree

Figure 4-12 SAXS profiles of aPVA-H and sPVA-H.
(a) aPVA, (b) sPVA

nl = 2dsinf (4—-4)

121



4-4. Conclusion

sPVA-H was successfully formed by hot pressing. Hot-pressing is the best method for gelation
of sPVA because it does not require dissolution in water. sPVA-H showed higher crystallinity with
lower water content and higher Young's modulus than aPVA-H, even under the same heat
treatment conditions. In other words, it was shown that sPVA-H had overwhelmingly better
mechanical properties than aPVA-H, even though the hydrogels were prepared by the same
method. This is presumably due to the superior tacticity (syndiotacticity) of sPVA compared to
aPVA. Hydrogels made with sPVA exhibit mechanical properties that could not be achieved with
aPVA, and are therefore expected to be used as artificial cartilage materials that are subjected to

strong loads.
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Chapter 5: General Conclusion

5-1. Conclusion

The high mechanical properties, biodegradability, and biocompatibility of PVA make it a
polymeric material that will play an important role in achieving the Sustainable Development
Goals (SDGs). PVA has hydroxyl groups and is water soluble. Therefore, there is no need to use
organic solvents or other chemicals that pollute the environment or are toxic to the human body
during processing. However, there are many problems with processing using only water as a
solvent. In this thesis, I developed functional PVA materials with low environmental impact and
low toxicity to living organisms without the use of organic solvents such as DMSO. In the

following, I summarize what I have identified in each chapter.

In Chapter 2, I investigated the improvement of ductility and mechanical properties of PVA
fibers obtained by wet spinning with the addition of lithium salts. Lil, which has been reported in
previous studies, was employed as a lithium salt that is highly effective in inhibiting hydrogen
bonding between PVA molecular chains; the stretchability of PVA fiber with Lil added was greatly
improved. The improved stretchability allowed for stretching at higher drawing ratios and
increased molecular orientation. The advanced molecular orientation significantly increased the
Young's modulus and tensile stress of the PVA fiber. The enhancement of the stretchability leading
to the improvement in molecular orientation is attributed to the suppression of hydrogen bonding
by the addition of Lil, resulting in lower crystallinity. Almost all of the Lil can be removed during
the wet spinning process and by washing. Subsequently, strong hydrogen bonds are formed again,

resulting in excellent mechanical properties.

In Chapter 3, the effect of lithium salt (lithium halide) on PVA prepared by hot-pressing at a
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high concentration (56 wt%) was investigated in terms of mechanical properties in the dry state
and thermoplasticity due to a decrease in melting point. Lithium salts decreased the melting point
and crystallinity of PVA. As a result, mechanical properties were also reduced. This may be due
in part to the hydration power of the halide ions, with CI” being particularly hydrophilic and
retaining more water molecules. This suggests that more water remains in LiCl PVA. It was
confirmed that the lithium salt added PVA is thermoplastic, as it can be remolded by hot press. It
was also found that the physical properties of PVA before and after thermoforming were hardly
affected. In other words, the addition of lithium salt is an effective means of improving the

processability of PVA.

In Chapter 4, I established a gelation method using sPVA with high steric regularity, which is
different from aPVA used so far, for application to artificial joint cartilage, and investigated the
difference in physical properties between sPVA and aPVA. sPVA-H exhibited lower water content
than aPVA-H. In addition, the higher melting point and crystallinity suggest a higher crystalline
volume and thicker lamellar crystals. Even for hydrogels prepared by the same method, sSPVA-H
shows better mechanical properties. This is because sPVA-H has a structure that is easy to
crystallize due to its superior tacticity. In other words, those that exhibit high mechanical
properties, such as sPVA-H, are expected to be applied to artificial joint cartilage, which is

subjected to strong loads over a long period of time.

128



5-2. Future scope

Water soluble, biocompatible synthetic polymers such as PVA are versatile and play an
important role in our lives. The high strength PVA fiber with the addition of lithium salt obtained
in this thesis is expected to play an active role as a new reinforcing fiber in the field of composite
materials. Furthermore, thermo-plasticization of PVA can improve its processability and is
expected to be used in more fields. In addition, biomaterials that can be produced using PVA
hydrogels could lead to better medical care for all. However, many issues were found in these
studies. In particular, future detailed studies on the physical properties after thermoforming are
essential for the addition of thermoplasticity by lithium salts. In addition, the effects of sSPVA-H
on cells and adhesion compared to aPVA-H must also be evaluated. Although PVA has been the
subject of much research around the world, further studies are expected to lead to new applications

of PVA as a new material.
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