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CHAPTER 1. Introduction

Petroleum-based synthetic polymers have been widely
acknowledged for their favorable properties and long-term stability.
Many scientific and engineering efforts have been dedicated to the
improvement of their properties and then low-density high
performance polymers can replace conventional heavy materials such
as ceramics and metals. Additionally, the use of polymeric disposable
products is rapidly increasing due to their excellent physiochemical
properties, low weight, transparency, low price, easy processability,
etc. Therefore, the enormous amounts of waste plastics create
serious environmental problems due to their long-term stability. To
minimize these issues, there is increasing demand for the use of
degradable and renewably derived polymers.

Polyesters are widely researched biodegradable polymers derived
from renewable resources, and they include polylactide (PLA),
poly(3-hydroxybutyrate) (PHB), poly(butylene adipate-co-terephthalate)
(PBAT), and poly(butylene succinate) (PBS). These materials are
degraded by the cleavage of ester bond linkages under acidic or
basic conditions or with enzyme [1-5]. However, wide applications of
biodegradable polymers are limited by their insufficient properties.
To 1improve their properties, various physical and chemical
modifications have been applied [6-8]. Among biodegradable

polymers, PLA is widely used in the biomedical and disposable



material fields but its brittleness hinders its use in broad applications
[9-15]. Since PBS is a biodegradable polymer with high ductility [15],
there are numerous studies on the properties of PLA/PBS blends
[9-21] However, studies on PLA/PBS blends have reached different
conclusions with respect to their incompatibility [14-16], partially
compatibility [9-13], and compatibility [17]. Park et al. [12] calculated
the Flory-Huggins interaction parameter of melt /-PLA/PBS blends
and concluded that the negative parameter, -0.15, means that they
are fully compatible. From the T, change in /-PLA, the compatibility
of the blend was confirmed when the PBS composition was lower
than 20 wt% [9,10]. Defeng Wu [16] studied the /~PLA/PBS blend in
terms of the morphological and rheological aspects and reported that
the blend was incompatible. Recently, Cheng Lin et al. [17] reported
that simulation models of [/~PLA/PBS blends with different
composition ratios show that the blends have good compatibility at
all compositions.

On the other hand, the degradation rate of biodegradable polymers
or their blends is one of the most important properties because the
lifetime of commercialized goods with these blends is closely related
to the initial degradation rate. General polymeric goods should not
be degraded during use, but the degradation of waste should occur
quickly. On the other hand, a constant degradation rate of
biopolymers is required for drug delivery.

Our previous studies [23-27] showed that the Langmuir polyester



monolayers at a constant surface pressure lead to a reduction in the
occupied area when hydrolysis occurs. The area reduction as a
function of time is a hydrolytic kinetic process at the molecular
level. Additionally, the Langmuir technique can be applied to
determine the compatibility of the binary mixture by measuring the
occupied areas of the components. In this study, Langmuir trough
was used to investigate the hydrolytic kinetics and compatibility of

enantiomeric PLA/PBS mixture monolayers at the air/water interface.



CHAPTER 2. Theoretical Background

2.1. Biodegradable polymers

Biodegradable polymers have a significant dominance over
petroleum-based non-degradable polymers concerning degradation.
These polymers relate to a polymer that is deteriorated by itself as
specified by several environmental factors such as humidity, macro,
and microorganisms, in-vivo or in-vitro temperature conditions, and
it can be renewed into the land and enrich it by being composted
with microorganisms. Most biodegradable polymers are intended to
degrade as a result of enzymatic degradation or hydrolysis of
polymer chains into natural by products such as gases (CO; Ny),
water, biomass, and inorganic salts. These polymers can be adapted
from natural resources or comparatively attributed to renewable and
synthesized resources and principally composed of ester, ether, and
amide functional groups. Mostly, the synthesis route of these
polymers goes through the condensation reactions, ring-opening

polymerization, and metal catalysts [28-30].
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Figure 1. Cyclic biological process of biodegradable polymers [1].



Figure 2. Representative biodegradable polymers based on two resources

[31].

Biodegradable

polymers
[
| |
(renewable resources) (petrochemical resources)
[ | [
! 1 L ] ]
F : From From — PCL "
banast MICTOOZANISMS hiotechno swmmm
{ ' RRRT 1Ll-m ————— ; GEanan l ------ —  PGA |
i |l
s | i . : - PBsA
|\ Whey protein 1|+ Starch L e .
| | Casein ;_i Cellulose |
Li  Ghen il Camageenan |




2.2. Poly(lacide) (PLA)

PLA is thermoplastics aliphatic polyester derived from renewable
resources as an illustration of corn starch, sugarcane, tapioca roots,
potato, or other fermented plant starch. It is a renewably-sourced,
biodegradable, recyclable, and compostable polymer. PLA is one of
the most promising eco-friendly biopolymer because it has better
thermal processability compared to poly(y-caprolactone) (PCL),
poly(ethylene glycol) (PEG), and poly(hydroxyl alkanoate) (PHA). In the
case of biodegradable polymers, degradation can be accelerated by
transforming them into a form in which a functional group such as
C=0 bond is introduced into a typical synthetic polymer. In addition,
since it has the advantage of being harmless to the human body, it
iIs often used as a disposable product and medical applications

[32-38].



Photo Synthesis ~ DIOMass

{CO2Z absorption) \ Femnm{‘j:in
¢ . . L T
TS e

- Lact;:: acid
Dimerization
PLAs .}

4 Lactide

‘?Ppolymeriution

Products
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2.2.1 Synthesis of PLA

PLA can be synthesized by three major polymerization routes, which
are schematically described below (Scheme 1).

1) Direct polycondensation reaction: Generally, the polycondensation
of lactic acid is carried out in bulk by distillation of condensed
water, with or without catalyst, while temperature and vacuum are
gradually increased. It wusually leads to low molecular weight
polymers which then can be transformed into higher molecular
weight polymers by the addition of chain coupling agents.

2) Ring-opening polymerization: PLA is synthesized by ring-opening
polymerization whereby the end-points of polymer chains address
lactide monomers to form the longer polymer chains using metal
alkoxides as catalysts (Sn-based or Zn-based) resulting in high
molecular weight PLA.

3) Azeotropic dehydrative condensation: PLA can be polymerized by
direct polycondensation reaction through azeotropic dehydration, and
it yields high molecular weight PLA by removing excess water during

the polymerization reaction.
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2.2.2. Control of Molecular Weight of PLA

Usually, PLA can be synthesized by ring-opening polymerization.
There are two different methods to synthesis PLA: 1) bulk
polymerization, 2) solution polymerization. Generally, bulk
polymerization is performed to obtain high molecular weight PLA, but
it is very difficult to control the molecular weight. However, the
molecular weight can be controlled by wusing the solution
polymerization method by adjusting the catalyst concentration,

reaction time, and temperature.
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Figure 4. Synthetic tools for synthesis of PLA [40].
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2.2.3. Property of PLA

PLA is a bio-based, biodegradable, and biocompatible polymer which
has validated itself to be a favorable substitute for petroleum-based
polymers. Most of the PLA are semi-crystalline polymers with 55 ~
65 °C glass transition temperature and high melting point ca. 175 °C.
It is widely commercialized in the food packaging industry and has
been widely used not only in the areas of biomedical and
pharmaceutical applications but also in the areas of protective
clothing. Although PLA is brittle that it is not accordant with many
manufacturing processes that relate to packaging. However, physical
and chemical modifications, copolymerization, blending, alloying, or
adding additives and fillers have been designed to improve efficiency

and strengthened the properties.
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Table 1. Properties of PLA

PLA Properties
o
Structural formula ﬂ\
o
Chemical formula (C3H4O2)n
Density 1.210~1.430 g/cm®
Melting temperature (T.) 150~180°C
Glass transition temperature (Tg) 50~65°C
Crystallization temperature (T.) 100~120°C

_13_



2.2.4. Stereochmical PLA

Lactide is a monomer having optical isomers of L, D, and meso
type, and it is possible to synthesize PLA having various properties
from amorphous to crystalline polymers through copolymerisation of
l-lactide and d-lactide. Also, by forming a stereocomplex through
blending between l-lactide and d-lactide, physical properties such as
heat resistance, tensile strength can be improved, and the

degradation rate can be retarded.

(0] (0] (0]
<CH; CH; CH;
o " o o
0 . 0 0
& S
H;C H;C H;C
() (0] ()
L-lactide Meso-lactide D-lactide

Figure 5. Stereoisomeric forms of lactide.

_‘]4_



2.3 Poly(butylene succinate) (PBS)

PBS is classified among novel cost-efficient alternative to other
biodegradable polymers such as PLA, PHB, and PBAT. It is having
fair marketable quality with many stimulating features, including
excellent melt processability, biodegradability, chemical, and thermal
resistivity. Being a promising polymer for various potential
applications because of its excellent processability, it is widely used
in the textiles into mono- and multi-filaments, flat- and split-yarns,
and also injection-molded commodities. Apart from that, PBS is used
for food packaging, mulch films, plant plots, hygiene products,
fishing nets, and fishing lines. Like polylactic acid (PLA), it fully
degrades into biomass, CO;, and H;O and thus can be disposed of

together with other organic waste.
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2.3.1. Synthesis of PBS

PBS is largely manufactured by condensation polymerization of the
succinic acid monomer and 1,4-butanediol. There are two main
synthesis routes of PBS: the trans-esterification process (from
succinate diesters) and the direct esterification process starting from
the diacid. The direct esterification of succinic acid with
1,4-butanediol is the most prevalent way to manufacture PBS. It
contains a two steps process; Step I. Excess of the diol is esterified
with the diacid to form PBS oligomers with the elimination of
H20.Stepll. These oligomers are trans-esterified under vacuum to
with the presence of titanium, zirconium, tin, or germanium

derivatives catalyst to form a high molecular weight polymer [41].

_’]6_
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Figure 6. Synthetic routes of PBS (Up: Step I, Down: Step II)

Succinic acid (or dimethyl succinate) and 1,4-butanediol (BDO) are
originated from sustainable and fossil-based feedstocks. Both are
mainly obtained from maleic anhydride and can be produced either
from sustainable feedstock as glucose and sucrose via fermentation

or from petroleum-based feedstock.
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2.3.2. Properties of PBS

Poly(butylene succinate) (PBS) is a commercially available, aliphatic

polyester with many interesting properties, including biodegradability,

melt processability, and thermal and chemical resistance [42-44].

However, it is much more flexible and thus does not require

plasticizers, but has a lower melting point than PLA (115°C ~ 160°C).

Glass transition temperatures (Ty) ranging from about —45°C to —

10°C, and a density of about 1.25 g/cm?.

Table 2. Properties of PBS

PBS Properties
o
Structural formula Wo/\/\/o+
0 n
Chemical formula (CgH1204)n
Density 1.26 g/cm?®
Melting temperature (T.) 90~100°C
Glass transition temperature (Tg) -40~-25°C
Crystallization temperature (T.) 100~120°C

_18_



2.4 Langmuir-Blodgett films

Langmuir film is a thin organic film one molecule thick. As a useful

component in many practical and commercial applications such as

sensors, detectors, displays, and electronic circuit components. The

possibility to synthesize custom organic molecules and sophisticated

thin  film  deposition techniques allows the creation  of

nanometer-scale electrical, optical and biologically active

components.

The organic thin film can be deposited on a solid substrate by

various techniques. The Langmuir-Blodgett (LB) technique is one of

the most promising methods of preparing thin films.

(A) Deliberate control of monolayer thickness

(B) Uniform deposition of a monolayer

(C) Possibility to create multi-layered structures with various layered
structures

An additional advantage of Langmuir-Blodgett technology is the

ability to deposit monolayers on almost any kind of solid substrate.

In addition, it is possible to predict the degradation behavior and

phase transition of polymers.

_’]9_



2.4.1. Formation and stability of monolayers

General monolayer-forming materials are amphiphilic in nature and
possess two  properties in  the  molecule: a  hydrophilic
(“water-friendly”) head-group, which is water-soluble, and an alkyl
chain, which provides a hydrophobic (“water-unfriendly”) or
oleophilic (oil-friendly) tail. When a polymer solution is an immiscible
solvent for water such as chloroform is added in water, but then
because of the immiscibility of chloroform with water, the chloroform
spreads smoothly and covers all available areas. Likewise, the
formation of monolayer depends on the immiscibility of the polymer
solution in water. The evaporation of solvent from polymer solution
results in the formation of a monolayer on the water surface that is
because of the amphiphilicity of polymer molecules (as depicted in
Figure 7). When the distance between polymer molecules is large,
their interactions are small, and they can be regarded as forming a

two-dimensional gas [22].

S A paaranea o s

Figure 7. Monolayer of polymer on a water surface.
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2.4.2. Surface Pressure/Area Isotherms

The single most significant indicator of the monolayer properties of
a polymer is given by a plot of surface pressure as a function of the
area of water surface available to each molecule. This is carried out
at constant temperature and is accordingly known as a surface
pressure/area isotherm, and is often abbreviated to “isotherm.” The
equilibrium values can be determined on a point-to-point basis, but
it is more important to register a pseudo-equilibrium isotherm by
monitoring surface pressure while compressing the film at a constant
rate. Depending on the material being investigated, repeated
compressions and expansions may be necessary to realize a

reproducible trace [22].

_21_



CHAPTER 3. Experimental section

3.1 Materials

L and D-lactide were procured from Purac (the Netherlands). PBS
was supplied by SK Chemicals (Korea), and was purified by the
dissolution/precipitation method using chloroform as the solvent and
methanol as a non-solvent. Tin(Il) 2-ethylhexanoate was purchased
from Sigma-Aldrich (USA). Chloroform (99.8%) and methanol were
obtained from Samchun (Korea). Sodium hydroxide was obtained
from Icatayama Chemicals (Japan). All chemicals were used without

further purification.

_22_



3.2 Synthesis and analysis

Synthesis of /PLA and dI-PLA were carried out through the
ring-opening polymerization of /-lactide and d-//-lactide mixtures,
respectively, in bulk at 145 °C for 6 h using tin(ll) 2-ethylhexanoate
(0.2 wt% of lactide) as a catalyst under vacuum. The acquired
products were ultra-purified by the dissolution/precipitation method
using chloroform and methanol as the solvent and non-solvent,
respectively.

The weight average molecular weight (M,) and polydispersity index
(My/M,) were evaluated by gel permeation chromatography (GPC,
Shimadzu Corp.) in chloroform at a flow rate of 0.8 mL/min at 40 °C
and polystyrenes (Shodex® STANDARD SM-105, Showa Denko K.K.)
were used as standards. The investigations of thermal properties
were carried out by differential scanning calorimetry (DSC 1, Mettler
Toledo) at a of 10 °C/min heating rate under nitrogen atmosphere.
The polymers used in this study are listed in Table 3. The surface
morphological images were obtained by atomic force microscopy
(AFM, SPA400, S Nanotechnology Inc.) in tapping mode at a scan
rate of 1 Hz. For the morphological investigation, 3 wt% polymer
solutions were spin-coated on a glass substrate and used for AFM

measurements.

_23_



Table 3. Properties of polymers used in this study

M,  PDI Tg (°C) Tm (°C) Sources
I-PLA 580k 2.06 62.43 178.17 Synthesized for this study
dl-PLA 54k 1.49 54.23 - Synthesized for this study
PBS 48k  2.15 n.d. 113.83 Obtained from SK Chemical (Korea)

_24_



3.3. Langmuir trough

The Langmuir technique was applied to study the properties of
polymeric binary monolayers, the surface pressure-area (m-A) and
the hydrolytic behavior, by using a computer-controlled KSV-NIMA
Langmuir probe system. One of the main advantages of the
Langmuir monolayer technique is that it can control the lateral
packing density in the monolayer, which is not achievable with any
other conventional technique. Deionized water (DI, 18.2 MQ-cm) was
obtained by an ultrapure water system (UNIONS, Sinhan Science). DI
and chloroform were used as the subphase liquid and spreading
solvent, respectively. [-PLA, dI-PLA, and PBS solutions were
separately prepared by using a volumetric flask at a concentration of
1 pmol/mL and mixture solutions (on a mol basis) were obtained by
stirring the mixture of each homopolymer solution for 1 day. The
Langmuir trough (580 x 145 x 4 mm®) was stabilized for an hour
before use and filled with approximately 500 mL DI. After spreading
the mixture (100 uL for pressure-area (m-A) isotherm and Kinetic
measurements, unless otherwise stated), the solvent was allowed to
evaporate over 1 min where the time was determined by the
reproducibility of a the m-A curve. The compression rate of the

barriers was 10 cm?/min throughout all experiments.
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CHAPTER 4. Results & discussion

4.1. Surface pressure-area isotherms

4.1.1. I-PLA, dI-PLA, PBS monolayers

Most commercialized polymers are nondegradable, and large
amounts of waste plastics cause environmental problems. To address
this issue, many researchers have studied degradable polymers
under natural conditions. However, their limited physical properties
and high cost make it difficult to use these degradable polymers in a
wide range of applications. Although a blend (or mixture) is an
economical way to improve some weak physical characteristics, blend
with desirable properties cannot be obtained without a favorable
interaction between the blend components, namely, their miscibility
or compatibility. The Langmuir technique has been used to identify
well-defined monolayer behaviors of organic and polymeric materials
that have achieved a hydrophobic/hydrophilic balance.

Despite extensive investigations on the compatibility of /-PLA/PBS
blends, as mentioned above, the studies presented different
conclusions in terms of the T, behavior, interaction parameters,
rheological properties, etc [9-17]. Previous studies [23-29] have
shown that the Langmuir film balance has successfully been applied
to investigate the compatibility and hydrolytic kinetics of polymer

mixtures. Figure 8 represents the surface pressure-area (m-A)

_26_



isotherms for /-PLA, dI-PLA, and PBS monolayers on a subphase at
pH 6.8. As shown in the previous studies [23,24], the m-A isotherm
of I-PLA monolayers showed a transition of approximately 10 mN/m,
and the dI-PLA monolayers collapsed at approxmiately 14 mN/m
without a transition region. The surface pressure of /-PLA and
dl-PLA monolayers sharply increased from above 2.5 mN/m, where
the film state is changes from a gaseous state to an expanded state.
However, the occupied area per monomer of PBS monolayers in the
expanded state is much larger than that of the others. The repeating
unit of PBS synthesized from succinic acid and 1,4-butanediol is
composed of two ester groups (hydrophilic) and ethylene and
butylene groups (hydrophobic) and then the monolayers in a gaseous
m-A have large occupied areas due to the long-chain structure of
the two separate hydrophilic and hydrophobic parts. When the
monolayers are compressed, however, the long plateau region in the
isotherm of PBS at approximately 5 mN/m is observed and the
occupied areas before and after the plateau region are 45 and 10

A’/repeating units, respectively.
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subphase of pH 6.8 and their structures.
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4.1.2. Identification of the stability of the monolayers in

water subphase

To study this plateau region, m-A isotherms of PBS and /-PLA
monolayers were remeasured after compression to a certain area
(the b® or ¢ point in Fig. 9A) and then after the compression is
released to 0 mN/m, as shown in Figure 9, where the compression
and release rates were the same at 10 cm?/min. Since the plateau
region of the /[-PLA film on DI has been interpreted as a phase
transition [23], the recompressed m-A isotherm of /-PLA after
compression to over 12 mN/m of the plateau region was close to the
original isotherm. This indicates that the phase transition of /~PLA
monolayers is reversible due to a weak transitional force. However,
the recompressed m-A isotherm of PBS after compression to the
middle in the plateau region (b" point in Fig. 9B) showed that the
plateau region started at the first compressed point. Additionally, the
plateau region was not observed in the recompressed m-A isotherm
(c curve) after compression to over 12 mN/m (¢ point). These
conformational memory effects of PBS monolayers are due to their
strong conformational stability. Once the conformational change at
the air/water interface occurs, it does not recover when the

compression is released.
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Figure 9. m-A isotherms of /-PLA (A) and PBS (B) at pH 6.8: a: measured
at nearly 0 mN/m, b: re-measured after the compression to b, c:

re-measured after the compression to c'.

Considering the differences in the structures of the repeating units
of PLA and PBS, a notable parameter is the occupied area of each
monolayer at a high surface pressure of over 10 mN/m, which
follows the order of di-PLA > [-PLA > PBS. Amorphous d/-PLA and
semicrystalline /-PLA are configurational isomers, and the differences
in the occupied areas are noticeable. However, the smaller occupied
area of PBS at a high surface pressure, which has much longer
backbone structure than that of PLA, can be explained by its chain
folding structure at the air/water interface. Therefore, the long

transition of PBS monolayers can be explained by chain folding.
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4.2. Thermal properties

The thermal properties, Ty, and T, of blends can be used to study
their compatibility because in an incompatible blend system, the bulk
property of each component in the blend is observable. It was
reported that the T, of the -PLA/PBS blend by DSC measurements
did not changed much with the blend compositions and the blend
was partially compatible [9,12]. Since the compatibility of a polymeric
blend is strongly related to the interactions between the amorphous
regions of each component, stereochemical PLAs, semicrystalline
I-PLA and amorphous d/-PLA were used due to the compatibility and
degradation behavior of the PLA/PBS blends. Figures 10A and 10B
show the DSC thermograms of /~-PLA/PBS and d/-PLA/PBS blends,
respectively, after melt quenching at 200 °C. In the /-PLA/PBS blend,
the T. values of both polymers partly overlapped, and the T, values
of PBS were in similar temperature ranges. Therefore, the thermal
behaviors of the /~PLA/PBS blend were analyzed in terms of the T,
of I-PLA. As shown in Table 4, the T, values of the blends decreased
with increasing the PBS composition, even though the T, of the
I-PLA/PBS blend at 20/80 wt% could not be determined due to the
resolution limit of DSC or due to the compatibility. The T, depression
of the I-PLA/PBS blend is much smaller than those calculated by the

Fox equation, as reported by others [9,12].
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A similar thermal behavior was observed in the dI-PLA/PBS blend.
However, the depression of the T, of the blends greatly increased:
with an 80/20 composition, the T, values of the /-PLA/PBS and
dl-PLA/PBS blends were approximately 59 °C and 46 °C, respectively,
whereas the T, values of I-PLA and d/-PLA were approximately 62 °C
and 54 °C, respectively. With over 20 wt% of PBS in the blend, the T,
of the blends slightly decreased. These results support that the

interaction between PLA and PBS preferentially occurs in amorphous

regions.
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Figure 10. DSC curves of /-PLA/PBS (A) and d/-PLA/PBS (B) blend films.

The arrows indicate their T,.
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Table 4. Thermal properties of homopolymers and their blends measured

by DSC

Sample (by wt%) Te(°C) Tmi(°C)/AH(/8) Tma(°C)
I-PLA 62.43 178.17 / 34.54 -
dl-PLA 54.23 - -
PBS - - 113.83
I-PLA/PBS (80/20) 58.72 179.17 / 25.1 115
I-PLA/PBS (50/50) 56.86 175.83 / 19.01 112.83
I-PLA/PBS (20/80) - 176.83 / 8.35 114.67
dl-PLA/PBS (80/20) 45.9 - 111.83
dl-PLA/PBS (50/50) A8 1l 3 112.83
dl-PLA/PBS (40/60) 42.97 = 113.67
dl-PLA/PBS (20/80) - - 113

_33_



4.3. Pressure-area isotherms of mixtures

4.3.1. Different types of mixtures (Mix, Unmix)

The compatibility of binary polymeric monolayers at the air/water
interface has been studied by two methods: by a change in the
transition and by plotting the mean area at a constant surface
pressure [30-32]. The mixed monolayers with a linear relationship
were regarded as an ideal mixture or as a completely incompatible
mixture. Kawaguchi and Nishida reported that a negative deviation
means that the binary mixture is considered to be stable and
compatible whereas a positive deviation indicates that the mixture is
less stable than the components alone at the interface [30,32].

To understand the m-A behaviors of /-PLA/PBS binary monolayers in
terms of their compatibility, different types of mixture monolayers
were prepared: one type consists of well-mixed (Mix) monolayers by
spreading of the mixture solution after vigorous stirring for 3 days,
and the other type consists of unmixed (Unmix) monolayers prepared
by separately spreading each component solution on the subphase.
The sample codes, Mix-L80 and Mix-DL80, indicate ~-PLA/PBS and
dl-PLA/PBS mixtures with an 80/20 composition by mol%,

respectively.
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4.3.2. Different behaviors of mixtures (Mix, Unmix)

Figure 11 shows the m-A curves of Mix and Unmix monolayers on
the subphase at pH 6.8. The separated regions of the spreading of
each polymer solution (Unmix) results in a sea-island morphology
and then the monolayers are in completely incompatible state. As
expected, the Unmix monolayers showed two transition regions at
approximately 5 and 10 mN/m which correspond to the transitions of
PBS and /-PLA monolayers, respectively, regardless of the mixture
composition. However, the m-A curves of the Mix monolayers showed
quite different behaviors from those of the Unmix monolayers. Below
40 mol% [-PLA, the transition was not detected because its transition
region was too short or it disappeared, but all Unmix monolayers
showed a clear transition of PBS. The PBS transition in the m-A
curve of Mix monolayers systematically changed with the change in
composition. The m-A curve of Mix-L80 did not show the PBS
transition, the transition of Mix-L70 monolayers occurred in the
surface pressure range from 6 to 8 mN/m over a narrow area
range, and the Mix-L20 monolayers showed a flat region
approximately 5.5 mN/m. Therefore, the conformational changes in
the PBS monolayers in the mixture were disturbed due to the

homogeneous distribution of each chain.
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As mentioned above, the compatibility of mixture monolayers has
often been studied by the change in the occupied area of mixture
monolayers. The dotted lines in Figure 11 correspond to the mean
area as a function of surface pressure. Below the surface pressure
of the PBS transition, the areas occupied by the Unmix monolayers
were very similar to those calculated by the additive rule. This
finding is supported by the fact that the Unmix monolayers are
completely incompatible. However, a negative deviation in the
occupied area of the Mix monolayers was observed, regardless of
their compositions. This means that there is an intermolecular
interaction between /-PLA and PBS monolayers at the air/water

interface.
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4.3.3. Compatibility of I-PLA/PBS mixtures

All m-A curves of the Unmix monolayers showed a PBS transition at
approximately 5 mN/m, which is similar to the surface pressure of
the PBS transition itself. However, the /-PLA transition was observed
in the Unmix monolayers with a /-PLA composition 50 mol% due to
the sensitivity limit from its short transition region. The transition
region in the m-A curve of Mix monolayers would be affected by
their mixing morphology. Mix-L80 did not show the PBS transition
whereas the /-PLA transition was clearly observed at the same
surface pressure as Unmix-L80. As the PBS content in the mixture
was increased to 50 mol%, namely, Mix-L70 and Mix-L50, the
transitions occurred over wide surface pressure ranges, 6-8 mN/m,
which are higher than those of neat PBS. The sloped, not plateaued,
PBS transitions indicate that the transition is delayed by other
adjacent chains. However, over 50 mol% PBS, namely, Mix-L30 and
Mix-L20, the transitions of mixtures are very similar to that of neat
PBS. Above the surface pressure of the PBS transition, the occupied
areas of the Mix monolayers were larger than those of the Unmix or
theoretical monolayers. This is clear if we consider that the
conformational change in PBS monolayers in the mixture is disturbed
by the neighboring PLA chains. Therefore, [-PLA/PBS mixture
monolayers have partial compatibility which increases with the /~PLA

composition.
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Figure 11. Pressure-area isotherms of Mix and Unmix /-PLA/PBS
monolayers on subphases of pH 6.8: (A) 80/20, (B) 70/30, (C) 50/50, (D)
30/70, (E) 20/80. Dash lines are calculated by the additive rule.
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4.3.4. Compatibility of dI-PLA/PBS mixtures

Since molecular interactions between polymer chains preferentially
occur in the amorphous region, amorphous d/-PLA was used in the
mixture instead of semicrystalline /-PLA. Figure 12 represents the
-A curves of Mix and Unmix d/-PLA/PBS monolayers with different
compositions. Similar to those of the /-PLA/PBS mixture system, the
m-A isotherms of the Unmix monolayers showed a clear phase
transition of PBS at approximately 5 mN/m, regardless of
composition. Additionally, the occupied area range of the transition
region linearly increased with the PBS composition. However, the Mix
monolayers showed different m-A behaviors. Mix-DL80 did not show
any plateau or transition region, and the occupied area continuously
increased with surface pressure over 12 mN/m. In the m-A isotherm
of Mix-DL50, a short inflection behavior near 8 mN/m was observed.
Above 50 mol% PBS in the mixture, the m-A isotherms showed
plateau regions at approximately 8.5 mN/m, which was much higher
than the surface pressure of neat PBS monolayers (5 mN/m).
Additionally, the occupied area range of the transition region
decreased to approximately 50%. Therefore, homogeneous mixing
with dI-PLA substantially stabilized the PBS monolayers, and then the
PBS transition occurred at a higher surface pressure. As mentioned,

in the /-PLA/PBS mixture monolayers, these behaviors might indicate
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that the PBS transition would be disturbed by homogeneously mixed
dl-PLA chains in the mixture. Below 5 mN/m, the m-A curves of the
Unmix monolayers almost overlapped with those theoretically
calculated by the additive rule, but the m-A curves of the Mix
monolayers showed a negative deviation, regardless of composition.
These results might indicate that the d/-PLA/PBS mixture monolayers

are compatible.
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Figure 12. Pressure-area isotherms of d/-PLA/PBS mixture monolayers on
subphase of pH 6.8: (A) 80/20, (B) 50/50, (C) 40/60. (D) 20/80. Dash lines
were theoretically calculated by the additive rule.
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4.4. Hydrolytic degradations of monolayers

4.4.1. Schematic representation of hydrolysis monolayers

by Langmuir system

The degradability of biomaterials is one of the most important
properties because of the lifetime of commercialized products. The
Langmuir technique is a very useful tool to measure the hydrolytic
kinetics of hydrolyzable polyesters at the molecular level [23-26].
This method provides a quantitative analysis of the in situ enzymatic
or hydrolyzable degradation rate of polyester monolayers. The rate
of their hydrolytic degradation 1is primarily affected by the
accessibility of subphase ions to the ester bonds of monolayers and
the bond strength, resulting in water-soluble oligomers. As
hydrolyzed low molecular weight particles dissolve into the subphase,
the occupied area at a constant surface pressure decreases.
Therefore, the 1-A/A, value with hydrolysis time is the degradation
rate, where A and A, are the occupied areas after degradation time,

t, and 0, respectively.
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4.4.72. Area ratio vs time for PLA/PBS mixtures

All alkaline degradation experiments of monolayers were conducted
at pH 10.7, which was controlled by adding NaOH solution. A
constant pressure of 4 mN/m was used because the occupied area
of the mixture monolayers is sensitive around the PBS transition of
approximately 5 mN/m. A value of t = 0 is considered when the
surface pressure becomes the desired value. To investigate any
hydrolysis that occurs during compression, the m-A isotherm of the
Unmix-L50 monolayer was measured with pause times of 0 and 60
min before compression. The results showed that there is little
difference in the occupied area (not shown here). Figure 14 shows
the change in areas (A/Ap) occupied by /~-PLA, PBS, d/-PLA, and
their mixtures with different compositions with exposure time on the
subphase at pH 10.7 with a constant surface pressure of 4 mN/m.
Under these measurement conditions, the occupied areas of PBS
monolayers decreased to 30% (A/Ag = 0.3) of the initial area after
approximately 11 min of exposure time, while the /-PLA monolayers
remained at approximately 88% (A/Ay= 0.88) after 1 h. Although the
M, of /-PLA is much higher than that of PBS, a similar behavior was
observed in the alkaline hydrolysis of dI-PLA monolayers with M, =
46k. The faster alkaline hydrolysis of PBS monolayers can be

explained by two factors: a larger occupied area per repeating unit
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and the greater hydrophilicity of PBS. At a constant surface pressure
of 4 mN/m, the occupied areas of [-PLA, dI-PLA, and PBS
monolayers at pH 10.7 were 21, 28, and 54 A%/repeating unit,
respectively. The larger the occupied area is, the more alkaline ions
there are under the monolayers. The contact angles of /-PLA and
PBS to water were 72° and 64°, respectively. The stronger the
hydrophilicity of the monolayer is, the more submerged the
monolayer is into the subphase. Therefore, the PBS monolayers
showed much faster alkaline hydrolysis than /-PLA and d/-PLA.

Since the two mixture monolayers /-PLA/PBS and d/-PLA/PBS at pH
6.8 showed different behaviors in the mw-A isotherm curves, the
hydrolytic behavior of the mixture monolayers on the alkaline
subphase at pH 10.7 is related to their morphology or compatibility.
In Figures 14A and 14B, experimental and theoretical kinetic curves
of both mixture monolayers are shown when the monolayers are
maintained at 4 mN/m on the subphase at pH 10.7. The theoretical
curves (Twux) were calculated by the following equation:

TMIX = MPLA ' APLA + MPBS ' APBS

where M and A represent the mole fraction in the mixture and the
experimental occupied area at a particular surface pressure,

respectively.
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The degradation rate of the mixture monolayers decreased with
increasing PLA composition due to the fast degradation of PBS.
Although the degradation behavior of d/-PLA is not significantly
different from that of /-PLA, both mixture monolayers showed
different kinetic behaviors. The hydrolytic rate of the incompatible
I-PLA/PBS mixture with 20/80 mol% is slightly higher than the
theoretical rate, whereas the hydrolytic rates of the other mixtures

are much slower than their theoretical values.

The fast hydrolytic rate of incompatible /-PLA/PBS can be explained
by the dilution effect [24], in which there is preferentially attack of
PBS chains and increasing alkaline ions per PBS unit area. In the
compatible dI-PLA/PBS mixture, however, all kinetic rates of
mixtures were much lower than their theoretical rates. These large
deviations between experimental and theoretical data can be
explained by the fact that the hydrolysis of PBS chains is disturbed
by adjacent PLA chains. In other words, morphological changes or
changes in the surrounding conditions of PBS chains by
homogeneous mixing with PLA chains determine their hydrolytic

stability.
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4.4.3. Hydrolytic kinetics of binary monolayers

To further understand the hydrolytic behaviors of both mixture
monolayers on alkaline subphases, experiments were performed to
study the hydrolytic kinetics of unmixed binary monolayers by
separately spreading each component solution as an incompatible
model system, as mentioned before. The experiments were carried
out with NaOH solution (pH 10.7) with a constant pressure of 4
mN/m at 20 °C. Figure 15 shows area ratios with time for Mix and
Unmix /~PLA/PBS and dI-PLA/PBS binary monolayers with various

compositions.
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I-PLA/PBS monolayers showed faster hydrolysis than d/-PLA/PBS
monolayers, regardless of the mixing state. Additionally, the
hydrolytic rate of the Unmix monolayers (a in Figure 15) is much
faster than that of the Mix monolayers, except for -PLA/PBS 20/80
mol%, which showed little difference in the rate. Therefore, the
hydrolytic kinetics of mixtures can affect their morphology.
Additionally, the hydrolytic processes of both Unmix monolayers
occur via two-step Kkinetics. Steps 1 and 2 were divided by the
extrapolated onset, which denotes the remaining area ratio at which
Step 2 begins. The A/A, at the initial stage rapidly decreased (Step
1) and then became slow (Step 2). The hydrolytic behavior in Step 1
is attributed to the preferential hydrolysis of PBS chains in the
sea-island morphology. During Step 1, the dissolved fragments
resulted in hydrolysis, the remaining monolayer chains were
rearranged, and the interface (interaction) between PLA and PBS
chains increased. Therefore, the hydrolytic kinetics in Step 2 are
similar to those of the Mix systems. A noticeable point is the A/Aq at
which Step 2 starts. Although the Kkinetic slopes of the Unmix
I-PLA/PBS in Step 1 are much steeper than those of the Unmix dI
-PLA/PBS, the A/Aq of the Unmix /-PLA/PBS at which Step 2 starts
is higher than that of the Unmix d/-PLA/PBS. These results suggest
that the interaction between d/-PLA and PBS monolayers is stronger

than that between /~-PLA and PBS monolayers.
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mixture monolayers with different compositions at 4 mN/m on subphases of
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4.4.4. AFM Image

To compare with the bulk properties, the cast films of the mixture
were prepared by spin coating. Figure 9 shows AFM images before
and after alkaline hydrolysis of -PLA/PBS and d/-PLA/PBS mixture
films with 20/80 mol%, which are incompatible and compatible,
respectively. Although alkaline degradation by ions occurs on the
overall sample surface in both crystalline and amorphous regions,
morphological changes before and after hydrolysis reflect their
hydrolytic behaviors. After hydrolysis, the d/-PLA/PBS mixture film
showed a similar morphology with partial erosion due to the slow
degradation rate, while the particle-like size of the /[-PLA/PBS
mixture film clearly decreased due to the hydrolysis of surrounding
particles. These results also support that the hydrolytic rate of the
compatible d/-PLA/PBS film is slower than that of the incompatible
I-PLA/PBS film.
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Figure 16. AFM images of -PLA/PBS (A) and d/-PLA/PBS (B) mixture films
with 20/80 by mol% before (left) and after (right) alkaline hydrolysis at pH
10.7 for 6 hr.
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CHAPTER 5. Conclusions

The compatibility and hydrolytic behaviors of mixture monolayers of
PLA isomers and PBS were studied by using the Langmuir system.
The compatibility of a mixture monolayer was interpreted in terms of
the occupied area, transition, and kinetic behavior. PBS monolayers
showed an irreversibly long transition of approximately 5 mN/m and
much faster alkaline hydrolysis than the other monolayers. To
compare a phase-separated mixture system, a separated spreading
method of each component solution was applied as a model system
of a phase-separated mixture. /-PLA/PBS mixture monolayers with >
50 mol% [-PLA showed good compatibility with a negative deviation
in the occupied area, a change in the transition region, and a slow
hydrolytic rate. In the dI-PLA/PBS mixture monolayers, good

compatibility was observed, regardless of the mixture composition.
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