Imperial College

Phase separation, crystallization and
interactions in biopolymer blends

studied in situ by macro ATR-FTIR

spectroscopic imaging

Huiqiang Lu

Supervisor: Professor Sergei G. Kazarian

Department of Chemical Engineering

A thesis submitted to Imperial College London in part fulfilment of
the requirements for the degree of Doctor of Philosophy in Chemical

Engineering and the Diploma of Imperial College London

24/07/2020



I would like to dedicate this Thesis to my Parents:
Jinsheng Lu & Lan Zhang and also to the rest of
my family to acknowledge their unconditional help

and support throughout my education

Great accomplishments require

ambition and tireless effort.



Declaration

This thesis is a description of the work carried out in the Department of Chemical
Engineering, Imperial College London, between June 2018 and April 2021, under the
supervision of Professor Sergei G. Kazarian. Except where acknowledged, the material is the
original work of the author and no part of it has been submitted for a degree at any other

university.

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are

licensed under a Creative Commons Attribution-NonCommercial 4.0 International Licence

(CC BY-NC).

Under this licence, you may copy and redistribute the material in any medium or format. You
may also create and distribute modified versions of the work. This is on the condition that:

you credit the author and do not use it, or any derivative works, for a commercial purpose.

When reusing or sharing this work, ensure you make the licence terms clear to others by
naming the licence and linking to the licence text. Where a work has been adapted, you

should indicate that the work has been changed and describe those changes.

Please seek permission from the copyright holder for uses of this work that are not included

in this licence or permitted under UK Copyright Law.



Abstract

Ubiquitous applications of biopolymer blends require a broader range of accurate information
about their behaviour. For this purpose, macro attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy and spectroscopic imaging are the main characterisation
methods of choice to provide reliable information for both qualitative and quantitative
analysis. The main objective of this project is to realise their full potential to investigate

biopolymers and biopolymer blends with and without high-pressure CO».

In situ high-pressure ATR-FTIR spectroscopic imaging was applied to visualize the dynamic
process of phase separation in biopolymer Polycaprolactone (PCL)/Poly (lactic acid) (PLA)
blends under high-pressure CO,. It was demonstrated that the extent of phase separation in
PCL/PLA blends under high-pressure CO- is enhanced with increasing exposure time, CO2

pressure and temperature.

The mechanisms of polymer-polymer interactions were investigated using 2D correlation
analysis and 2D disrelation mapping. Evidence of the break of some of the existing inter- and
intramolecular dipole-dipole interaction (C=0---C=0) between polymer molecules under

high-pressure CO2 was provided.

The simultaneous visualization of crystallization and phase separation in Poly (3-
hydroxybutyrate) PHB/PLA blends has been realized for the first time through utilizing in
situ ATR-FTIR spectroscopic imaging. Decreasing the annealing temperature is proved to be
an effective method to constrain phase separation between these two blend components and
tailor the final morphology in upper critical solution temperature (UCST) crystallizable

polymer blends for practical applications.

Spectroscopic images based on the band position were successfully used to investigate
changes in intra- and intermolecular interactions in PHB/PLA blends. During the isothermal
melt crystallization, the disappearance of the intermolecular interaction between PHB and
PLA and the appearance of the inter- and intramolecular interactions within the PHB crystal

were both visualized.

Overall, this thesis has demonstrated further the use of ATR-FTIR spectroscopy and macro

ATR-FTIR spectroscopic imaging as a valuable analytical approach to investigate
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biopolymers and biopolymer blends with and without high-pressure CO», which can aid the

design of biopolymer products and biopolymer process.
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Chapter One

Introduction



1. Introduction

1.1 Background

To save fossil raw materials and develop viable green technologies, biopolymers, which are
biocompatible and biodegradable, have been widely studied by the scientific community. [1—
5] However, compared with the standard plastics produced from crude oil, the physical
properties of biopolymers are not always adequate for specific purposes. [6] Thus, through
mixing two or more biopolymers with complementary physical properties together,
biopolymer blends are created. Like composites, biopolymer blends can also combine the

advantages of both components to cater for the performance requirements at low prices. [7-9]

Using high-pressure and supercritical CO: as a viable additive in polymer processing has a
minimal environmental impact. As a promising alternative to the organic solvents, it can be

produced at a high purity with a low cost and easily removed from the final products.[10]

In order to exploit the benefits offered by high-pressure CO2, a thorough understanding of
how high-pressure CO; interacts with polymers and affects their final properties is needed.
Fourier transform infrared (FTIR) spectroscopy can detect the molecular vibrations of
different components in the sample simultaneously and then reveal their morphology and
structure. The molecular-level insight provided by this technology can produce vast amounts
of valuable information to study this kind of interaction and then facilitate the polymer

process.[11]

FTIR spectroscopic imaging can reveal the spatially resolved information. The intrinsic
vibrational modes of functional groups are used to identify the spatial distribution of different
components in the ternary polymer A/polymer B/ CO; systems and quaternary amorphous
polymer A/ crystalline polymer A/ amorphous polymer B/ crystalline polymer B systems.[12]
Attenuated total reflection (ATR) mode is chosen for the FTIR spectroscopic imaging in the
studies described in this Thesis because of its advantages including little or no sample

preparation and independent of the sample thickness.

Ubiquitous applications of biopolymer blends require a broader range of accurate information
about their behaviour. For this purpose, ATR-FTIR spectroscopy and spectroscopic imaging

are the characterisation methods of choice to provide reliable information in situ for both
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qualitative and quantitative analysis.[13] In this project, phase separation, crystallization and
interactions in representative biopolymer blends (polycaprolactone (PCL)/ poly (lactic acid)
(PLA) blends and poly(3-hydroxybutyrate) (PHB) / PLA blends) have been investigated in
situ by macro ATR-FTIR spectroscopic imaging.

1.2 Objectives

The main objective of this project is to realise the full potential of ATR-FTIR spectroscopy
and ATR-FTIR spectroscopic imaging to investigate biopolymers and biopolymer blends
with and without high-pressure CO,. Different biopolymer blends, such as the upper critical
solution temperature (UCST) biopolymer blends and the lower critical solution temperature

(LCST) biopolymer blends, have been studied.
To be more specific, the major objectives of this work are laid out as follows:

1. To study phase separation in the PCL/PLA blend, a typical lower critical solution
temperature (LCST) polymer blend, under high-pressure CO>. This is because the quality
of final polymeric products in almost all polymer processes depends in part on how well
the material was mixed. The purpose of this work is to visualize the dynamic process of
phase separation in this blend exposed to high-pressure CO utilizing in situ high-pressure
ATR-FTIR spectroscopic imaging. The extent of phase separation under different
conditions (temperature, CO; pressure, exposure time and polymer molecular weight) will

be compared.

2. To study the mechanism of interaction appearing in the PCL/PLA interface before and
under exposure to high-pressure CO> through using two-dimensional correlation analysis
and two-dimensional disrelation mapping. With the specially designed polymer interface,
the interaction between the same type of polymers and that between different types of
polymers will be distinguished. These interactions with high-pressure CO> and those
without high-pressure CO> will also be compared. The interaction between polymers and
CO; will also be demonstrated. The two-step formation process of CO2-polymer complex
in the previous study [14] will be proved and the effect of Flory interaction parameter on
phase separation of this polymer blend under exposure to high-pressure CO2 will be

investigated.
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3. To investigate the phase separation and crystallization in the PHB/PLA blend
simultaneously using in situ ATR-FTIR spectroscopic imaging. The change in the degree
of crystallization and the extent of phase separation between crystalline polymers during
the isothermal melt-crystallization process will be detected. The mechanism of
crystallization and phase separation in UCST polymer blends during this process will be

discussed.

4. To investigate changes in intra- and intermolecular interactions in PHB/PLA blends during
the isothermal melt crystallization through using spectroscopic images based on the band
position. These spectroscopic images will be prepared to reflect the spatial distribution of
different intra- and intermolecular interactions in the polymer blend. Furthermore, the
obtained spectroscopic images based on the band position will be compared with the

spectroscopic images based on integrated absorbance.

1.3 Outline of thesis

This thesis demonstrates that macro ATR-FTIR spectroscopic imaging can be utilized as a
reliable approach to study phase separation, crystallization and interactions in polymers and

polymer blends with and without high-pressure COx.

Chapter 2 provides a detailed literature review to introduce the background knowledge for the
research presented thereafter. It commences with the fundamentals of ATR-FTIR
spectroscopy, ATR-FTIR spectroscopic imaging and 2D correlation spectroscopy. Then it
moves on to discuss the current status of some important concepts in polymer research using
FTIR spectroscopy, such as miscibility in polymer blends, interaction in multicomponent
polymer systems and polymer crystallization. Then some of the current problems which need
to solve are identified. Chapter 3 reveals the experimental procedures and experimental

instruments used in this work.

Visualization of phase separation in PCL/PLA blends under high-pressure CO; is presented
in Chapter 4, which is based on the peer-reviewed journal paper [9]. Chapter 5 describes the
investigation of mechanism of interaction in PCL/PLA blends under high-pressure CO; using
2D correlation analysis and 2D disrelation mapping, which is based on the peer-reviewed
journal paper [15]. The use of in-situ ATR-FTIR spectroscopic imaging to visualize phase
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separation and crystallization simultaneously in PHB/PLA blends can be found in Chapter 6,
which is based on the peer-reviewed journal paper [16]. The feasibility to visualize changes
in intra- and intermolecular interactions in PHB/PLA blends during the isothermal melt
crystallization through using spectroscopic images based on the band position is described in
Chapter 7, which is based on the peer-reviewed journal paper [17]. An overall summary of
this work is presented in Chapter 8 along with the opportunities for continuation of this

project in the future.
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Chapter Two

Literature review



2. Literature review

The first objective of this chapter is to introduce the fundamentals of ATR-FTIR
spectroscopy, ATR-FTIR spectroscopic imaging and 2D correlation spectroscopy, which can
reveal valuable information about the polymer samples. Then it summarizes the previous
progress in the investigation of polymers with spectroscopic technology and highlights some
of the current problems which need to solve. Thus, the novel opportunities are discovered and

then investigated in the following chapters.

2.1 Introduction to FTIR spectroscopy

Spectroscopy is the study of matter and its properties using electromagnetic radiation. It
quantitatively measures the consequences of the interaction of light with matter and then
determines the molecular structure and physical characteristics of materials. Infrared
spectroscopy is one of the main spectroscopic technologies to detect the chemical
components and their molecular state in the unknown sample. It is the study of absorption of
radiation from the IR region of the electromagnetic spectrum. The frequency of absorbed
radiation exactly matches the frequency of molecular vibration. IR spectroscopy can only
detect the infrared active molecules, which show the change of dipole moment during
molecular vibration. The dipole moment is a measure of the separation of positive and
negative electrical charges. Infrared spectroscopy can provide a molecular-level insight into
the microstructures of polymers, such as configuration, conformation, constitution and intra-
or intermolecular interactions. According to the Hooke’s Law, the vibrational frequency is
proportional to the strength of spring, which means that a stronger spring leads to a higher
frequency. In the field of IR spectroscopy, it means that stronger bonds (molecular
interactions) absorb at higher vibrational frequencies. Thus, it is an ideal technique to reveal
the underlying physical basis for polymer processing, because the obtained molecular-level
information of polymers can be used to improve the macroscopic properties of polymeric

materials. [13,18,19]

One of the advantages of infrared spectrometry is its versatility. Samples in all states of
matter, such as gases, liquids and solids, can be studied. According to the intensity,

wavenumber and shape of bands in the sample spectrum, the chemical bonds of the
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molecules can be distinguished and then the molecular structure can be determined. The
infrared region can be divided into three major regions: near-infrared (12000-4000 cm™,
overtones/harmonics), mid-infrared (4000-400 cm™!, molecular vibrations) and far-infrared
(400-20 cm!, rotations/low energy vibrations). In this research, mid-infrared radiation is

applied to study the fundamental molecular vibrations. [20—24]

Interferometers are the ‘heart’ of the infrared spectrometry and most of the current
interferometers are based on the two-beam interferometer designed by Albert A. Michelson.
Compared with the traditional diffraction grating, spectra can be obtained quickly and signal
to noise is improved using interferometers. As shown in Figure 2.1, it can divide the beam of
radiation emitted from the IR source into two paths by a beamsplitter, which consists of a
fixed mirror and a moving mirror. Half of the beam of radiation is reflected to the fixed
mirror and the other half is transmitted to the moving mirror. After recombined at the
beamsplitter, the beam of radiation interacts with the sample. The molecules in the sample
absorb the radiation in specific wavenumber ranges and then the rest IR radiation reaches the
detector. The optical path difference between these two halves of the beam, which is caused
by the movement of the adjustable mirror, results in the generation of constructive and
destructive interference. Then the detector produces interferogram which is a plot of beam
intensity emerging from the interferometer against path difference. Fourier transform
algorithm is used to convert the interferogram into an infrared spectrum, which is a plot of
infrared intensity against wavenumber. Spectrum is a representation of what electromagnetic
radiation is absorbed or emitted by the sample. In order to obtain the spectrum of pure sample,
background spectrum, which is measured without sample, should be ratioed against the
sample spectrum so as to eliminate the contribution of instruments and atmosphere. Therefore,

the transmittance spectrum can be obtained through equation 2.1.
T (%) = IL X 100% equation 2.1
0

Where T(%) is transmittance, I is the intensity of radiation in the system with the sample, Iy is

the intensity of radiation in the system without the sample. [24]

For quantitative analysis, absorbance values should be used to replace transmittance value.

Equation 2.2 is used for this transition.

A=-1gT equation 2.2
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Where A is the absorbance. [24]
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Figure 2.1 Schematic diagram of the Michelson interferometer. (Solid line is the median

ray and dashed line is the extreme of the collimated beam) (Source [24])

2.1.1 Quantitative analysis of FTIR spectra

One of the powers of spectroscopy is the ability to deduce the quantity of absorbing materials
in a sample. The Beer-Lambert law, which is also called Beer’s law, is a fundamental law of
quantitative spectroscopy. It reveals that the absorbance of a spectral band is proportional to

the component concentration and light pathlength, as indicated in equation 2.3.
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A =¢lc equation 2.3

Where ¢ is the molar absorptivity, [ is the pathlength through the sample and c is the

concentration of the components. [6,25]

This equation makes it possible to calculate the concentration of each component in the

measured sample.

2.1.2 Methods of acquisition

There are three common sampling methods available for infrared light to interact with the
sample, which are transmission, reflection and attenuated total reflection (ATR). Among
them, ATR mode, which is ideal for strongly absorbing samples, has become more and more
widely applied in the field of infrared spectroscopy. Its advantages include little or no sample
preparation (no change in the sample morphology) and consistent results. But it can only

reveal the composition of bottom surface layer instead of the bulk area. [24,26]

The sample is placed directly on the ATR crystal and the sufficient contact should be ensured.
The common ATR crystals used are diamond, Zinc Selenide (ZnSe) and Germanium. In this
research, which includes high-pressure investigation, we use diamond (refractive index: 2.4)
as the ATR crystal because it is chemically resistant and can endure high temperature and

pressure. [7,24]

As shown in figure 2.2, the theory of ATR-FTIR spectroscopy is following: the IR beam is
directed at a pyramidal ATR prism with a relatively high refractive index and approaches its
top surface at an angle greater than the critical angle. Total internal reflection occurs at the
interface between the sample and ATR crystal and then an evanescent wave penetrates
orthogonally into the sample with an exponential decay of the magnitude of the electric field.
[21,26] The depth of penetration of the evanescent wave can be calculated through equation
2.4. It is defined as the distance of the electric field penetrating into the sample before its

amplitude falls to 1/e (about 37%) of its original value at the surface. [27]

A .
d, = =T equation 2.4
. nq =
2mn, (sin? 6—(n—2) )2
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Where d, is the depth of penetration, A is the wavelength of the incident beam, n; and n; are

the refractive indices of ATR crystal and sample, respectively, 0 is the incident angle. [27]

Sample
\

Evanescent Wave
.._______.-—-"

ATR Crystal

IR radiation

Incident angle

Figure 2.2 Schematic diagram of the principle of ATR mode (ATR crystal with sample

showing evanescent wave).

When applying Beer-Lambert Law in the ATR mode, effective thickness should be used
instead of the pathlength. It is defined as a pathlength giving the same absorbance in an ATR-
IR experiment as that obtained in a transmission IR experiment, which can be calculated
through the following equation.

dew _ Z—iCOSB[B sin? 9_2(2_?)2_'_(2_;)2 sin? 9]

1
A 7

o 1=(52) Y[ 2) i 052 Yoino-2)]

Where d, ,, is the effective thickness. [28]

equation 2.5

2.2 Introduction to FTIR spectroscopic imaging

As mentioned in the section 2.1 of this Thesis, the conventional FTIR spectroscopy with a
single element detector can provide an average FTIR spectrum from the measured area.
However, this method can not reveal the spatial information of different components in the

sample. Mapping technology can be used to obtain the spatial information by scanning the

33



beam or moving the sample. However, it is not suitable for dynamic systems because a

system could change much during slow measurements by mapping. [29,30]

To solve these problems, a focal plane array (FPA) detector was used to collect the full
spectra from different locations of a sample simultaneously. The size of array commercially
available ranges from 32x32 pixels to 256x256 pixels and most of them have a pixel size of
40 um*40 pum. [21] The absorbance of a specific spectral band is obtained by integrating its
band area in a certain wavenumber range. Through plotting the distribution of the absorbance
of specific band across all of the measured pixels, the FTIR images are produced to reveal the
spatial distribution of different components in the imaged area as shown in figure 2.3. Like
the common photographic camera, FTIR spectroscopic imaging is especially suitable for the
study of dynamic systems in ‘real-time’ because of the simultaneous data acquisition and
short measurement time. It is very versatile because no dye is needed to add when providing
chemically specific images. It is also possible to monitor many samples for high-throughput

analysis[13,29]

In terms of ATR-FTIR spectroscopic imaging, it is the combination of FTIR spectroscopic
imaging with an ATR accessory. The obtained ATR-FTIR images reflect the concentration
distribution of each component in the surface layer of the sample, which is around several
micrometres thick. [29] This technique has three significant advantages: (1) Little or no
sample preparation is needed. (2) It can analyse the aqueous solution and corrosive materials.
(3) The precise control of temperature is feasible. Apart from the field of polymer science,
this technology can also be applied to other systems, such as protein [31], biopharmaceuticals

[29,32], membrane [33], tissue [34], crude oil fouling [35], forensic science [36] and so on.
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Figure 2.3 Schematic diagram of (a) the average FTIR spectrum produced from the

conventional FTIR spectroscopy (b) FTIR images produced from the FTIR

spectroscopic imaging. (Source [21])

Apart from ATR-FTIR spectroscopic imaging, a range of characterization techniques, such as
Atomic force microscopy (AFM), Scanning electron microscopy (SEM), and Transmission
electron microscopes (TEM), are also widely used to investigate polymer systems. AFM is a
type of scanning probe microscopy (SPM) with a very high resolution (order of fractions of a
nanometer). SEM is a type of electron microscope with a resolution better than 1 nanometer.
It opens the possibility of 3D imaging in a large depth of field and a high magnification. TEM
is another advanced microscopy approach with an unique resolution (~0.07 nm), It can
provide detailed information concerning the internal structure of measured samples. [37]
Although all of these advanced characterization techniques have better spatial resolutions,
they are not suitable to measure the samples with increasing temperature or under exposure to

high-pressure CO».
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2.2.1 Macro ATR-FTIR spectroscopic imaging

ATR-FTIR spectroscopic imaging can be divided into two types: micro ATR-FTIR
spectroscopic imaging with microscope optics and macro ATR-FTIR spectroscopic imaging
without microscope optics. In this work, macro ATR-FTIR spectroscopic imaging, which is
suitable for a larger field of view, is applied to investigate the polymer system. It can be used
to investigate the dynamic processes, such as interdiffusion in polymer interface and phase

separation in polymer blends.[38]

The internal structure of Golden Gate™ ATR accessory in macro mode is shown
schematically in figure 2.4. Mirrors and lenses are used to focus the light onto ATR crystal.
Diamond is chosen as ATR crystal because of its high refractive index. Its high stiffness and
strength allow the use of force to ensure good contact between the sample and ATR crystal,

which can improve the reproducibility of the obtained data. [39]

ATR crystal

Lenses

Adjustable mirrors

Incoming IR beam :
- : Outgoing IR

beam to FPA

Figure 2.4 Schematic diagram of the internal structure of Golden Gate™ ATR

accessory in macro mode. (Source [39])
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2.3 Two-Dimensional Correlation Spectroscopy (2D-COS)

Among numerous methods of spectral analysis, the most popular one is two-dimensional (2D)
correlation spectroscopy (2D-COS). It has been proved to be a versatile analysis method for
different spectroscopic modalities, such as IR and Raman spectroscopy. It was introduced by
Noda in 1989 for the first time and widely applied in the fields of polymer, pharmacy, protein
and materials.[40] It can facilitate the interpretation of structural and compositional
information obtained from ATR-FTIR spectroscopy and ATR-FTIR spectroscopic imaging.
Thus, it can lead to a better understanding of the molecular composition of measured samples.
Apart from the applications in IR and Raman spectroscopy, 2D correlation spectroscopy can
also be used in ultraviolet-visible (UV-Vis) spectroscopy, fluorescence, mass spectrometry

and nuclear magnetic resonance (NMR). [41,42]

Some of the spectral features caused by different kinds of vibration are difficult to distinguish
in the original data set. Through spreading the overlapped bands over the second dimension,
spectral resolution is enhanced and then 2D correlation spectroscopy can be applied to
identify these spectral features.[41,43,44] It can also be used to study intermolecular

interactions.[45—47]

Moreover, this technology is especially suitable for the study of dynamic process in order to
monitor the response of the system to the external perturbation spectroscopically. The
common sources of perturbation are temperature, pressure, concentration, pH and spatial
position. During the analysis, the only variable parameter is the external perturbation. Other
parameters, such as sample, temperature and spatial position, should be constant. The spectral
intensity 1s acquired as a function of two different independent variables, such as frequencies,
wavenumbers or wavelengths. [47-49] After then, the simultaneous or sequential changes of
the correlation intensity of spectral variations are derived as synchronous or asynchronous

correlations. [43,48,50]

The peaks in the synchronous spectrum mean the similar spectral intensity variations at
spectral variable positions vi and v2. The autopeaks, which are on the diagonal line and
always positive, indicate the extent of change in the spectral intensities at a certain
wavenumber (wavelength). The cross peaks, which are located at off-diagonal positions, can
be positive or negative. They indicate the synchronized spectral changes of distinct spectral

features. Positive cross peaks reflect that the band at vi and the band at v» increase or
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decrease together. Negative cross peaks reflect that one of these two bands increases and the

other decreases.[44]

The peaks in the asynchronous 2D correlation spectrum mean the dissimilar (unsynchronized)
spectral intensity variation at these two positions, which indicates the sequential order of
spectral events. Since the asynchronous spectrum is antisymmetric at the diagonal line, only
off-diagonal cross peaks instead of autopeaks can be observed. When the corresponding cross
peak in the synchronous spectrum is positive, a positive cross peak in an asynchronous
spectrum indicates the change in spectral intensity at vi occurs ahead of that at vo. A negative
cross peak indicates the spectral intensity variation at vi occurs after that at v, under the same

condition.[44]

Based on multiple perturbation 2D correlation analysis, [40,41] Shinzawa et al have invented
‘2D disrelation mapping’ in 2017, to highlight the dissimilarity among spectra extracted from
a chosen area. [46] The disrelation intensity becomes strong in the areas where spectral
feature changes. Thus, it has the capacity not only to enhance the spectral resolution but also
to identify the band origins. This method obtains the disrelation intensity A;; through so-
called convolution windows. Firstly, through the FTIR spectroscopic imaging, spectra from
different positions in the imaged area can be obtained. The spectral data at vi and v> of the
pixels in the convolution window are used to calculate the disrelation intensity between v
and v of central pixel. Through moving the convolution window across the whole image, the
disrelation map, which reflects the distribution of disrelation intensity in the imaged area, can
be generated as shown in figure 2.5. Its main function is to detect the interaction between two
molecules and the temporary appearance of intermediate species, which are both difficult to

discover through the visual inspection of conventional FTIR spectroscopic images. [46]
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Figure 2.5 Schematic diagram of disrelation mapping based on 2D correlation

convolution filter.[46]

2.4 High-pressure and supercritical CO;

Supercritical fluid is a liquid or gaseous substance which exceeds its critical temperature and
pressure. By changing the pressure or temperature, the gas properties can be transited to
liquid properties so that it is a ‘tunable’ solvent. Due to its liquid-like density and gas-like
viscosity, it benefits the polymer processes a lot, such as extraction, purification, foaming and

impregnation.[7]

As a non-toxic, non-flammable, ‘green’ and cheap gas, high-pressure and supercritical CO>
has been used in many types of chemical engineering activities as a viable alternative to
volatile organic compounds currently used. The critical temperature (304.15K) and pressure
(7.38 MPa) of CO; are easily achieved. Similar to heat and some organic solvents, it can also
induce temporary plasticization of polymers, which means that the interchain distances and
free volume increase while the degree of segmental and chain mobility is enhanced.
Plasticization results in decreasing glass transition temperature (Tg) of amorphous polymers
or decreasing melting temperature (Tm) of crystalline polymers.[51,52] Thus, heat-sensitive

polymeric materials can be processed and thermally labile additives can be added under a
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lower temperature with high-pressure CO,. As CO; is gaseous at ambient temperature and
pressure, it can be totally removed from the final products after the polymer processing so
that these products without residual solvent are more suitable to use in biotechnological,
pharmaceutical and food processing applications. The removal of caffeine from coffee beans
and the preparation of encapsulated materials in the pharmaceutical industry are two well-
known examples. High-pressure CO> can also induce beneficial changes in polymers, such as

plasticisation, crystal modification, foaming, impregnation and viscosity reduction. [53]

One of the main obstacles to polymer process, especially polymers with larger My, is the
high viscosity of many polymeric raw materials. The common methods to reduce the
viscosity, such as heat and plasticizing agents, are not ideal enough. Heat consumes more
energy and is more likely to induce thermal degradation. On the other hand, plasticizer is
difficult to remove totally and is more likely to contaminate the final products. [54,55] High-
pressure CO2, as a ‘molecular lubricant’, has the same effect as heating the polymer above its
Tg: increasing chain and segmental mobility and decreasing viscosity. This property can
benefit the polymer process a lot because of the lower shear stress. [13,56] Moreover, the
thermolabile or bioactive polymers, which are impossible to obtain through standard routes,
can be processed at a lower temperature with high-pressure CO,. However, T, of polymers
does not reduce any more after the pressure of CO; reaches a certain point, which means that

the effect of high-pressure CO; as a plasticizer is limited. [52,57,58]

Polymers with basic functional groups, which are electron donor species, can form Lewis
acid-base interactions when exposed to CO;. The carbon atom of CO; acts as an electron
acceptor. Greater strength of this interaction leads to a higher plasticizing effect on polymers
and then results in more viscosity reduction. This is because high-pressure CO> can disrupt
the current inter- and intramolecular interactions in polymers and thus increase the chain

distance. [59,60] The strength of interactions depends on temperature, CO> pressure and My,.
[61]

Polymer crystallization can also be induced after exposure to high-pressure CO>. When the
decrease of Ty is at the same level as that of Tw, the rate of crystallization increases with
increasing CO> pressure at the temperature in the crystal-growth controlled region and
decreases at the temperature in the nucleation-controlled region. In the crystal-growth
controlled region, the dominant effect of CO; is to enhance the self-diffusion of polymer

chains. On the other hand, in the nucleation-controlled region, the domain effect of CO; is to
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hinder the nuclei to reach its critical size and thus reduce the nucleation rate. [62] Under
exposure to high-pressure CO», the chain and segmental mobility becomes greater and free
volume in polymers increases so that the polymer chains can be rearranged into a more
thermodynamically stable state.[59,63] Then small spherulites (crystallites) are formed and
grow with increasing exposure time. The kinetics of crystallization is affected by temperature
and CO» pressure. Specific types of crystalline forms, which are not obtainable through the
traditional process, can be induced by high-pressure CO». Other high-pressure gas, such as
high-pressure Nz, can not induce such type of crystalline forms, which means that they are
caused by the plasticization effect of CO» instead of the hydrostatic pressure of high-pressure
gas. Moreover, polymer crystallization also occurs after decompression and it affects the final

product of polymeric foams a lot. [57,62—64]

The capital cost of high-pressure CO; processing is relatively high, which increases the
manufacturing cost of the final products. [8] After installation, cost of high-pressure CO;
processing is affected by the total cycle time (pressure rise, holding and loading/unloading
times), energy, labour and vessel filling ratio. The processing costs and environmental impact
of high-pressure CO; processing are much higher than those of conventional thermal
processing. [65] However, because of these substantial advantages for polymer processing
mentioned above, novel polymeric materials with unique characteristics and properties can be
produced with the help of high-pressure CO». Besides polymer processing, high-pressure CO»
can also benefit different kinds of polymer synthesis. Thus, the investigation of polymer
processing with high-pressure CO2, which benefits the overall performance of polymeric
materials, has great commercial values. Prior to its successful application, information
regarding the interactions between polymers and high-pressure CO> is required to optimise

the processes.[61]

2.5 Current study of polymers and polymer blends with

spectroscopic techniques

In this section, the current state-of-the-art research through using FTIR spectroscopic
approaches was reviewed. Some important discoveries, such as miscibility in polymer blends,
polymer crystallization and inter- and intramolecular interactions between polymers in the

polymer blend, were summarized. Since high-pressure CO> treatment can improve the
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physical and mechanical properties of polymers a lot, investigating the behaviour of polymers
and polymer blends with or without high-pressure CO» benefits the development of more

efficient polymer processing routes.

2.5.1 Investigation of miscibility in polymer blends

Miscibility of polymer blends affects the properties of final products, especially physical
properties (mechanical, electrical, optical etc). [66—69] As a result, it is vital to know when
possible phase separation will occur in the products containing polymer blends so that this
phenomenon can be mitigated. [9] A phase diagram, which is made up of a bimodal line and
a spinodal line, can reveal the miscibility of polymers in the blend under different volume
fractions and temperatures. The binodal line defines the boundary between miscible and
immiscible blends under certain conditions while the spinodal line indicates whether the
blend is unstable or metastable. [70—73] The point of junction of these two lines indicates the
critical temperature and volume fraction for the blend to become homogeneous. In terms of
the UCST polymer blend, the critical temperature will increase when the volume fraction
moves from 0 towards the critical point and decrease when the volume fraction moves from
the critical point towards 1. In terms of the LCST polymer blend, the critical temperature
shows an opposite trend with increasing volume fraction. [70,74—76] Briber et al. used cloud
point measurements and DSC to prepare the phase diagram for the a-PVF2/PEA blend system
and confirmed that phase separation in LCST polymer blends occurs at the temperature
beyond the cloud point. [77] As shown in figure 2.6, Koyama et al used the Flory-Huggins
equation to prepare the phase diagram for PHB/PLA blends with different molecular weights.
[68,78]

42



1000 —————

Mw=530,000

0 0.2 0.4 0.6 0.8 1
P[(R)-3HB] (volume fraction)

Figure 2.6 Spinodal curves of the PHB/PLA blends with different Mw (Source [68])

Vogel et al. have visualized phase separation in UCST polymer blends using transmission
FTIR spectroscopic imaging to improve the physical properties of biopolymer blends. As
shown in figure 2.7, the occurrence of phase separation in the PHB/PLA (50wt/50wt) blend
and a compatible one-phase system of the PHB/PLA (70wt/30wt) blend can be clearly
observed through the transmission FTIR spectroscopic images. Other technologies, such as
DSC and miniaturized stretching machine, were used to provide more evidence for the
occurrence of phase separation. Then transmission FTIR spectroscopic imaging was used to

detect the phase separation in other polymer blends, which proved that this technology is
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suitable for different types of polymer blends. Through changing the blend composition, the
miscibility gaps of polymer blends can be obtained, which benefits the preparation of phase

diagram. [6]

PHB

Figure 2.7 (A) Visual image (left), PLA-specific FTIR image (centre), and PHB-specific
FTIR image (right) of the PHB/PLA (50wt/50wt) blend. (B) Visual image (left), PLA-
specific FTIR image (centre), and PHB-specific FTIR image (right) of the PHB/PLA
(30wt/70wt) blend. (Source [6])

The interdiffusion of two different polymers under high-pressure CO> has been studied.
Polyvinylpyrrolidone (PVP) / poly(ethylene glycol) (PEG) interfaces were prepared and then
subjected to high-pressure CO». [79] Since high-pressure CO; can plasticise the polymers and
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reduce their viscosity, the rate of interdiffusion in miscible polymer systems is accelerated
under high-pressure CO». As shown in figure 2.8, it was observed that PEG sorbs more CO»
than PVP, which is because the relative affinity of CO;, for PEG leads to the favourable
sorption into its matrix. The mutual diffusion of PVP and PEG with increasing time was
visualized using ATR-FTIR spectroscopic imaging for the first time. [79] It was also found
that high-pressure CO, not only accelerates the interdiffusion but also facilitates its
occurrence through increasing the segmental and chain mobility. This is because polymer
mobility affects the transport and diffusion properties within polymer matrices. Thus, when
the molecular weight of PEG was changed from 600 to 1500 in the same work, the
interdiffusion did not occur even after 100 hours without high-pressure CO; while significant
interdiffusion occurred under exposure to high-pressure CO,. These ATR-FTIR spectroscopic
images revealed the spatial distribution of both polymers and CO; during the process of
interdiffusion and proved that the speed of interdiffusion can be tuned by changing CO>
pressure. [79] Kazarian and Chan have investigated Polystyrene (PS)/poly(vinyl methyl ether
(PVME) blends (representative LCST polymer blends) with high-pressure CO> using ATR-
FTIR spectroscopic imaging. [12] It is the first time for the high-pressure CO;-induced phase
separation in LCST polymer blends to be visualized through using spectroscopic imaging.
[12] However, the whole dynamic process hasn’t been revealed through producing time-
dependant spectroscopic images so that the extent of phase separation under different

conditions cannot be compared.
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Figure 2.8 ATR-FTIR spectroscopic images of PVP/PEG 600 interface under exposure
to 40 bar CO:2. The top images are based on the spectral band of PVP, the middle
images are based on the spectral band of PEG, and the bottom images are based on the

spectral band of CO:. (Source [79])
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2.5.2 Investigation of inter- and intramolecular interactions in

polymers

Inter- and intramolecular interactions in polymers have effects on the polymer properties and
thus have implications on their synthesis and processing. [80] For instance, the hydrogen
bond in the poly (ethylene glycol) (PEG)/ polyvinylpyrrolidone (PVP) blend leads to the
unique adhesive and elastic properties, which are important to pharmaceutical products, such

as transdermal delivery devices. [56]

FTIR spectroscopic imaging can reveal the component-rich domains and component-poor
domains in the imaged area but it can not provide information about the areas where inter-
and intramolecular interactions occur. In order to highlight the areas where chemically or
physically meaningful variations occur, Shinzawa and co-workers have introduced a novel
technique named disrelation mapping. Its detailed fundamentals have been described in
section 2.3. In their study, poly(methyl methacrylate) (PMMA)/ PEG blends with different
molecular weights were investigated as an example to visualize the molecular interactions.
Firstly, disrelation spectra were prepared to indicate which two wavenumbers have different
trends in the spectral absorbance variation. Then, the disrelation maps based on the
disrelation intensity between these two wavenumbers were prepared and shown in figure 2.9.
The intermolecular hydrogen bonding between PMMA and PEG at the boundary of these two
polymers was visualized for the first time. The strength of hydrogen bonding can also be

compared through detecting the strength of disrelation intensity. [46]
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Figure 2.9 Disrelation maps of (a) PMMA/PEG-2000000 and (b) PMMA/PEG-2000
blends calculated with disrelation intensity between 1730 and 1714 cm™. (Source [46])
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2.5.3 Investigation of polymer crystallization

The crystallization of polymers, which is a process of transitioning polymers from entangled
melts to an ordered structure, can be induced by many factors, such as solvent, temperature
and strain. Higher degree of crystallization results in greater hardness and brittleness while
lower degree of crystallization results in greater ductility and toughness, which are required
for many plastics applications. [67] The isothermal crystallization process can be divided into
two types: melt-crystallization and cold-crystallization. The first one is to decrease the
temperature below Tm¢ (upper critical crystallization temperature) to induce crystallization
and the latter one is to increase the temperature beyond T. (lower critical crystallization
temperature) to induce crystallization. These two types of isothermal crystallization result in

different crystal modifications and intermolecular interactions. [66,81-83]

Compared with high-pressure DSC and X-ray diffraction (XRD), ATR-FTIR spectroscopy is
suitable to monitor the fast crystallization process in situ because it facilitates faster screening
with shorter acquisition times. [12]. It can reveal the polymer morphologies, crystallization
kinetics and crystalline form via significant changes in the FTIR spectra,[23] which benefits
the understanding and development of polymer processing.[13] To be more specific, it can
detect the formation of helical chains and chain segment conformations as well as the local
molecular environment of polymers through the absorbance change and peak shift in different

spectral bands. [81,84-87]

Melt-crystallization of polymers is worthy of investigation because the increasing
undercooling has two opposing factors on it: increasing thermodynamic driving force and
decreasing polymer chain mobility. Zhang et al. investigated the melt-crystallization process
of PHB using FTIR spectroscopy and 2D correlation spectroscopy.[84,88] 2D correlation
spectroscopy can differentiate the highly overlapped bands of ester groups in the PHB
spectrum into single bands. The cross-peaks in the asynchronous spectrum indicate the
sequential order of spectral intensity variation in these C=0O group bands: 1743 cm™ (1747
and 1739 cm™) >1731 cm' > 1722 cm™. The abnormal sequential order implies the
appearance of an intermediate state, The results revealed the sequence of structural
adjustment of polymer chains in the melt-crystallization process of PHB: the ester groups
adjust their conformation at first, followed by longer regular 2; helix chains and then the

regular 21 helix chains. PHB crystallizes into a 2;-helix with an approximately g'g'tt
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conformation, and the crystal structure of isolated PHB consists of an orthorhombic unit cell
which contains two left-handed helical molecules in antiparallel orientation. [88] Another
study investigated the influence of crystalline structures of PLA on its hydrolysis process. It
was found that the hydrolytic degradation behaviour of PLA depends on the crystal form (a'-
or a-form) and degree of crystallization. [81,88,89]

After investigating the melt-crystallization process of pure polymers, PHB/PLA blends were
prepared and their crystallization behaviours were studied. During the crystallization process
in the immiscible blend, PLA crystallization occurs at a higher temperature and then PHB
crystallization occurs at a lower temperature. However, in the miscible PHB/PLA blend (their
Tm are close), almost simultaneous crystallization (crystallization at the same annealing
temperature) can be observed. As a result, it can be demonstrated that the crystallization
behaviour of both blend components is greatly affected by the miscibility of polymer blend.
[84] The detail of this effect will be further investigated in chapter 6.

Since the conventional spectroscopy can not provide the spatial information, the solvent-
induced crystallization of syndiotactic polystyrene (s-PS) was studied utilizing transmission
FTIR spectroscopic imaging. As shown in figure 2.10, the movement of solvent into the
polymer and the distribution of induced crystalline polymer in the imaged area were
visualized. Through the obtained time-resolved FTIR images, polymer crystallization kinetics
and solvent diffusion coefficients can be calculated and thus the type of diffusion was
demonstrated to be Fickian diffusion. As a consequence, it was concluded that solvent
diffusivity is the main limiting factor in the crystallization process because this process can

only be initiated with enough solvent. [90]
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Figure 2.10 FTIR images based on the distribution of the integrated absorbance of the

band at 1275 cm™! (crystalline s-PS) as a function of solvent exposure time. (Source [90])

2.5.4 Conclusion

In summary, this chapter has summarised some of the important discoveries associated with
the application of spectroscopic techniques for polymer characterization. These discoveries
have been proved to be beneficial for the greater understanding of the modification and
behaviour of the polymeric materials and systems. Moreover, the research gap was identified

and summarized as following:

1. FTIR spectroscopic imaging is a powerful experimental tool to study the dynamic
polymeric systems. As mentioned in section 3.2, our lab introduced and developed in situ
high-pressure ATR-FTIR imaging, which has been used to study polymer interdiffusion
under high-pressure CO; previously. [79] However, the dynamic process of phase separation
in LCST polymer blends under high-pressure CO> hasn’t been visualized before. This
technology laid the basis for the study of high-pressure CO»-induced phase separation in
polymer blends.
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2. 2D disrelation map, as an extension of conventional 2D correlation analysis, has been
applied to visualize the intermolecular hydrogen bonding between PMMA and PEG in the
partially miscible PMMA/PEG blend. The strength of hydrogen bonding was compared
through detecting the strength of disrelation intensity. [46] In this project, it is the first time
for this new technology to be applied to visualize the interaction occurring in the polymer
interfaces before and under exposure to high-pressure CO». The high-pressure CO2-weakened
specific inter- and intramolecular interaction between polymers will be demonstrated through

detecting the strength of disrelation intensity.

3. The isothermal crystallization process of UCST crystallizable polymer blend from the
immiscible molten state to the immiscible crystalline state and from the miscible molten state
to the miscible crystalline state have been investigated. However, without the capability to
visualize the phase separation, the isothermal crystallization process of this type of blend
from the miscible molten state to the immiscible crystalline state cannot be detected. In this
project, phase separation and crystallization in the PHB/PLA blend will be visualized

simultaneously using ATR-FTIR spectroscopic imaging.

4. The spectroscopic images based on integrated absorbance can reveal the spatial
distribution of each blend component in the polymer blend. But they cannot reflect the spatial
distribution of inter- and intramolecular interactions in polymer blends. In this thesis,
spectroscopic images based on the band position will be used to investigate changes in intra-

and intermolecular interactions in PHB/PLA blends during the isothermal melt crystallization.

52



Chapter Three

Experimental apparatus

and methods



3. Experimental apparatus and methods

3.1 ATR-FTIR spectroscopy

To obtain the conventional ATR-FTIR spectra of samples, an Equinox 55 FTIR spectrometer
(Bruker Corp.) with a mercury-cadmium-telluride (MCT) detector was used, which is shown
in figure 3.1. The MCT detector needs to cool with liquid nitrogen. The chosen ATR crystal
in the ATR accessory for this work is diamond (refractive index: 2.4), where the measuring
surface is 2x2 mm?. The samples are placed on the surface of diamond during measurement.
Good contact between sample and diamond is ensured through pressing the sample with a
stainless steel flat anvil of the ATR accessory. The spectral resolution is 4 cm™ and the
number of co-added scans is 64. The obtained data are treated by OPUS (Bruker Corp.) and
MATLAB.[91] The main purpose of using the conventional ATR-FTIR spectroscopy is to

record spectra of pure samples and then identify the unique spectral bands to generate the

ATR-FTIR spectroscopic images.
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Figure 3.11 Photograph of the Equinox 55 FTIR spectrometer (Bruker Corp.) with a

mercury-cadmium-telluride (MCT) detector.

3.2 ATR-FTIR spectroscopic imaging system

As shown in figure 3.2, a Tensor 27 FTIR spectrometer (Bruker Corp.) is combined with an
IMAC macrochamber (Bruker Corp.) for housing a 64 x 64 FPA detector (Santa Barbara
Focal plane, USA) and an Imaging Golden Gate™ ATR accessory (Specac, UK). The IMAC

macrochamber is also called a large sample compartment.

The spectrometer is purged with dry air all the time to avoid the effect of the change in
humidity on the measurement. When the sample is placed on the ATR crystal, background
measurement can no longer proceed so that the following measurements will use the same
background spectra obtained at the start of experiment. Thus, it is vital to keep the
concentration of water and CO> constant in the imaging system during the whole process of

measurement.

The liquid nitrogen-cooled FPA detector is connected to the spectrometer. FPA detectors
were only used for military purposes in the past and now their usage is extended into
scientific research. Its size is 64x64 pixels, which means that it can divide the imaged area
into 64x64 pixels and then measure 4096 spectra within the sample in one single

measurement.

Spectral information in the mid-IR region: 3900-850 cm was recorded. The spectral
resolution is 4 cm™ and the number of co-added scans is 64. These chosen parameters make
the signal-to-noise (S/N) ratio sufficiently high and measurement time short enough. After
data collection, the obtained spectra are treated using OPUS (Bruker Corp.) and MATLAB.
Two-dimensional ATR-FTIR spectroscopic images are formed through plotting the
distribution of the integrated absorbance of chosen spectral bands for all pixels. The value of
integrated absorbance is indicated in the colour bar next to these images, where red represents
a high concentration and blue represents a low concentration for the corresponding

component. [9]
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Figure 3.12 Photograph of the ATR-FTIR spectroscopic imaging system. The Imaging
Golden Gate™ ATR accessory is in the IMAC macrochamber.
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3.2.1 ATR imaging accessory

As shown in figure 3.3, the imaging accessory used for the macro FTIR spectroscopic
imaging measurement is an Imaging Golden Gate™ ATR accessory (Specac, UK) with
diamond (refractive index: 2.4), shaped like an inverted prism. The ATR accessory is aligned
exactly in the macrochamber to ensure that the IR beam can go through the ATR crystal and
then reach the detector. If the alignment is not good, spatial resolution, image quality and S/N
ratio will all be affected. Corrective optics in the accessory can account for distortion. A
heater is connected to the ATR accessory so that the effect of changing temperature on
samples can be investigated and temperature during experiments can be controlled more
accurately. Some advantages of this accessory are the capability for in situ measurement, a
high mechanical strength for compression and the ease of cleaning, which can improve the

reproducibility of the spectroscopic images.

The size of produced spectroscopic images is 0.6 mm x 0.55 mm (length x width) with a
spatial resolution of approximately 15-20 um. [30,32,33] The high spatial resolution makes it
suitable for studying the interface between two different polymers. [15] But it can only detect
the morphology of microstructure, such as a discrete phase structure in matrix. The
nanostructure, such as polymer blends with a bicontinuous phase structure, is not visible in

these ATR-FTIR images.[92,93]
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Figure 3.13 Photograph of the Imaging Golden Gate™ ATR accessory in the IMAC

macrochamber.

3.3 High-pressure set-up

The investigation of polymers under high-pressure CO> requires the high-pressure apparatus.

The Kazarian research group has developed a specially designed high-pressure experimental
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apparatus to introduce high-pressure CO> to the sample. It is made up of a spectroscopic cell,
a syringe pump, a pressure transducer, pipes and valves. The miniature homemade high-
pressure stainless steel cell has a small volume so that the risk of apparatus failure can be
reduced. It is placed on the diamond support plate (tungsten carbide plate) and held in
position by a stainless steel flat anvil of the accessory mentioned above. This cell is the key
part of the high-pressure set-up. Apart from the small volume, there are two factors: no
fragile window is on the cell and the ATR crystal is very hard, which can also reduce the risk

of apparatus failure. [12]

A high-pressure syringe pump (Teledyne 500D, Isco, USA) is used to supply CO..
Temperature regulation is realized using a heater connected to the heating plate of accessory.
Pressure regulation is realized using a digital pressure transducer (Swagelok, Germany),
which is shown in figure 3.4. During the measurement, the sample is positioned directly on
the ATR crystal and then covered with the spectroscopic cell. The thickness of polymer film
should be higher than the penetration depth of evanescent field but not too thick so that CO-
can penetrate the bulk area of the film easily. Sealing of the cell is achieved using a
Polytetrafluoroethylene (PTFE) O-ring, which can endure up to 120 bar CO; at 30°C. The
schematic diagram of in situ high-pressure ATR-FTIR spectroscopic imaging is shown in

figure 3.5. Measurements should be taken after the polymer samples reach equilibrium.
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Figure 3.14 Photograph of the digital pressure transducer
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Figure 3.15 Schematic diagram of in situ high-pressure ATR-FTIR spectroscopic
imaging showing the polymer blend film under high-pressure CO:z. The grid is the
schematic of FPA detector. (Source [9])
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Chapter Four

Visualization of phase separation in PCL/PLA
blends under high-pressure CO using in situ

ATR-FTIR spectroscopic imaging
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4. Visualization of phase separation in
PCL/PLA blends under high-pressure CO;
using in situ ATR-FTIR spectroscopic imaging

This chapter presents the application of in situ high-pressure ATR-FTIR spectroscopic
imaging to study the phase separation in PCL/PLA blends under exposure to high-pressure
CO.. PCL/PLA blends are representative lower critical solution temperature (LCST) polymer
blends, which indicates that they are miscible below the critical solution temperature for all
compositions. [94] This work visualized the dynamic process of phase separation in
PCL/PLA blends under high-pressure CO: in order to provide an insight into their physical
properties. [9]

The first part of this chapter describes phase separation in PCL/PLA blends with increasing
temperature or under high-pressure CO: studied by ATR-FTIR spectroscopic images. The
second section of this chapter focuses entirely on the comparison of the extent of phase
separation in this blend under different conditions through observing the morphology change
of PCL-rich domains and PLA-rich domains in the obtained spectroscopic images. It is found
that increasing temperature, CO2 pressure and exposure time can all enhance the extent of
phase separation in this blend under exposure to high-pressure CO;. Finally, a mechanism of

this type of phase separation was proposed. [9]

4.1 Motivation and scientific background

Because of its complementary rheological properties, relatively low cost and excellent
mechanical properties, biopolymer blend of PCL and PLA has attracted a great deal of
interest. [95] It can be used in packaging because of its biodegradability and tissue
engineering since it is biocompatible. PCL is a semicrystalline thermoplastic and PLA is a
linear aliphatic thermoplastic polyester. [96] As biopolymers, they can not only be produced
through ring opening polymerization but also be derived from renewable resources. Like
composites, the advantages of PCL (high flexibility) and PLA (high stiffness and tensile
strength) can be combined. [9,95]
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As a popular biopolymer blend, the mechanical, rheological, viscoelastic properties [97],
thermal stability [98] and shape memory behaviour [99] of PCL/PLA blends have been
investigated previously. However, because of the challenges of experiments, the studies of
the morphology of this blend under high-pressure CO; are limited. As mentioned in chapter 2,
high-pressure CO> may benefit the chemical industries especially polymer industries. Thus,
an increase in the knowledge of the morphology of polymer blend/CO> systems under
different conditions is needed for the process development and implementation. It can reveal
the processing window for PCL/PLA blends and high-pressure CO». In addition, it is vital to
know when possible phase separation will occur in the products containing PCL/PLA blends
when they are used under exposure to high-pressure CO2, so that this phenomenon can be

mitigated.[9]

4.2 Materials and methods

4.2.1 Materials

PCL (My=93,000) was bought from Perstorp UK Ltd. PCL (M,=10,000) was bought from
Sigma-Aldrich. PLA (Mw=240,000) was bought from Biomer. The chemical structures of
PCL and PLA are shown in Figure 4.1. COz (99.9% pure) was supplied by BOC. All of them

were used as received without further treatment.[9]

O
O
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Figure 4.16 Chemical structures of PCL (top) and PLA (bottom). (Source [15])

4.2.2 Polymer blend preparation

Because moisture can affect both chemical and physical properties of polymers, PCL and
PLA were placed in a vacuum desiccator for 24 hours at room temperature to remove
moisture. [100] Then both of these dried polymers were dissolved together in a suitable
solvent: chloroform (99.2% chloroform, 0.8% ethanol) with the weight ratio (50wt%:50wt%).
The obtained solution was poured into a Soda glass specimen tube with a rotator and then
stirred (300 rpm) overnight on a hot plate (MS-H280-Pro). To avoid the phase separation of
polymer blends until measurement, the polymer blend solution was stirred continuously after
the complete dissolution of polymers. The solution was then cast directly on an ATR crystal,
diamond to form polymer blend film. Several measurements were taken before the formal
data collection to ensure that chloroform was totally removed and the sample was at

homogeneous and equilibrium state.[9]

4.2.3 High-pressure experimental apparatus

The high-pressure set-up is detailed in section 3.3.
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42.4 In situ macro ATR-FTIR spectroscopic imaging

measurements

An Alpha FTIR spectrometer (Bruker Corp.) was used to measure the conventional ATR-
FTIR spectra of each component in PCL/PLA blends, separately. A Tensor 27 FTIR
spectrometer (Bruker Corp.), as detailed in section 3.2, was applied to measure the ATR-
FTIR spectroscopic images with an FPA detector. A spectral resolution of 4 cm™ and 64 co-

added scans were applied. [9]

4.3 Results and discussion

4.3.1 The comparison of effect of heat and high-pressure CO:z on

the phase separation of polymer blends

First of all, the conventional FTIR spectrometer was used to measure the ATR-FTIR spectra
of pure PCL (M,=10,000) and PLA. As shown in figure 4.2, spectral bands relevant to PCL
at 1721 cm™' and spectral bands relevant to PLA at 1083 cm™ are well separated and clearly
distinguishable. Thus, the integration ranges used to generate spectroscopic images were
selected as follows: 1750-1700 cm™ for PCL, 1115 cm™'-1058 cm™' for PLA and 2350 cm’'-
2300 cm™! for CO». [9]
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Figure 4.17 ATR-FTIR spectra of pure PCL (blue) and PLA (orange) at 30 °C (Source
9D

As shown in figure 4.3(a), the spatial distribution of PCL (My=10,000) and PLA in the
polymer blend is revealed in these images. It is found that the concentration of PCL and PLA
are nearly constant in the whole images at 20°C, which indicates the nearly homogeneous
distribution of both blend components. With increasing temperature from 20°C to 130°C,
PCL-rich domains, where contain a greater concentration of PCL, appear on the left side of
the image while PLA-rich domains, where contain a greater concentration of PLA, appear on
its bottom and right side. The spectra shown in figure 4.3(b) also prove that the concentration
of PCL in the PCL-rich domain is greater than that in the PLA-rich domain while the
concentration of PLA in the PLA-rich domain is also greater than that in the PCL-rich
domain. Both of the spectroscopic images and spectra suggest that phase separation occurs in
PCL/PLA blends after temperature increases. This is because, as an LCST polymer blend, the
segments of PCL and PLA become more mobile to move at a higher temperature. The blend

separates into two phases in order to keep the free energy of this system at its minimum. [6,9]
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One of the limitations of these spectroscopic images is that it can only reveal the composition
of bottom surface layer of polymer blend instead of its bulk. Phase separation in z-direction,

which is vertical to the bottom surface, cannot be revealed.
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Figure 4.18 (a) ATR-FTIR spectroscopic images of the PCL (Mn=10000) and PLA
blend at 20 °C (left) and 130 °C (right). The top images are based on the spectral band
of PCL while bottom images are based on that of PLA. (b): spectra were extracted from
the PCL-rich domain indicated by a blue circle in the top right image and the PLA-rich

domain indicated by a brown circle in the bottom right image. (Source [9])

The following experiment measured PCL/PLA blends under high-pressure CO,. Similar to
heat, high-pressure CO> can also result in the increase of segmental and chain mobility.
Figure 4.4 shows that CO, distributes homogeneously in the polymer blend, which is because
the CO2 sorption in both blend components is similar. Thus, the CO2 sorption does not

influence the relative concentrations of these two components in the blend. [9]

69



high

low

Figure 4.19 ATR-FTIR spectroscopic image of the PCL (Mn=10000) and PLA blend
under exposure to 60 bar CO:2 at 30 °C. The image is based on the spectral band of COx:.
(Source [9])

Likewise, as shown in figure 4.5, both of the spectroscopic images and spectra indicate that
the initial nearly homogeneous sample becomes inhomogeneous under exposure to high-
pressure COx. It is because high-pressure CO; plasticizes the polymers and results in higher
free volume, greater chain mobility and lower viscosity. Thus, the polymer blend separates
into two components to reduce the free energy of this system. [6] To be more specific, the
free energy of mixing obtained by Equation 4.1 should be negative when the distribution of
polymer blend is homogeneous. This is because the Gibbs free energy should be minimum

for any system at equilibrium. [9]

AG,, = AH,, — TAS,, (equation 4.1)

AG ) ¢ .

oy = N—ilnqbl + N—ilnqbz + ¢p1¢ox12  (equation 4.2)

Where AGn is the free energy of mixing, AHm is the enthalpy of mixing (heat of mixing), T is
temperature, ASnm 1s the entropy of mixing. R is the gas constant, V is the volume of system,
N1 and N; are molar volumes of PCL and PLA, respectively. ¢; and ¢, are volume fractions

of PCL and PLA, respectively. y;, 1s the Flory interaction parameter. [68] [9]
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Figure 4.20 (a) ATR-FTIR spectroscopic images of the PCL (Mn=10000) and PLA
blend before (left) and under exposure to 60 bar CO: (right) at 30 °C. The top images
are based on the spectral band of PCL while bottom images are based on that of PLA.
(b): spectra were extracted from the PCL-rich domain indicated by a pink circle in the
top right image and the PLA-rich domain indicated by a ginger circle in the bottom
right image. (Source [9])

Hydrostatic pressure has little impact on the miscibility of LCST polymer blends so that the
Flory interaction parameter is mainly influenced by free volume and interaction in polymer
blends. [101] The exposure to high-pressure CO, enlarges the free volume disparity of both
polymers and then y increases. [102] In terms of the interaction, new COz-polymer non-
covalent interactions replace the existing polymer-polymer interactions under exposure to
high-pressure CO». [14] Since the original interaction between polymers is much more

energetically favourable than the new interaction of CO, with polymers, Xpcy, co, and Xppa,co,
are larger than ypcp pr4 and thus y increases. The increasing y results in the occurrence of

phase separation. [9,102]

Although both PCL and PLA are crystallizable polymers and high-pressure CO; can also
promote polymer crystallization, [23] there is no clear spectroscopic evidence of
crystallization at the conditions of this work, such as peak shift of the carbonyl stretching
band in the spectra. Nevertheless, in chapter 6, another representative biopolymer blend:
PHB/PLA blend will be chosen and its crystallization and phase separation will be

investigated simultaneously. [9]

4.3.2 The investigation of effect of CO2 pressure on the phase
separation in PCL/PLA blends under high-pressure CO:

The formal measurements were taken after the samples are in equilibrium to get rid of the
effect of exposure time on their phase separation. It can be confirmed by the constant
absorbance of bands in the spectra and the unchanged shape, size and location of blend
component-rich domains in the spectroscopic images with increasing exposure time. As
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shown in the images of figure 4.6(a) and spectra of figure 4.6 (b), phase separation occurs in
the polymer blends under high-pressure CO; and its extent is enhanced gradually with
increasing CO» pressure. It is because the CO; sorption into the polymer blend increases with
increasing CO» pressure, which is indicated by the increasing absorbance of CO; band shown
in figure 4.6(c). More CO; sorption leads to higher free volume, greater chain mobility and

lower viscosity of both PCL and PLA. [9]
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Figure 4.21 (a) ATR-FTIR spectroscopic images of the PCL (Mn=10000) and PLA
blend at 30 °C in the absence of CO:2, with 30, 40, 50 and 60 bar CO:. The top images
are based on the spectral band of PCL while bottom images are based on that of PLA.
(b): spectra were extracted from the PCL-rich domain indicated by a pink circle in the
top right image and the PLA-rich domain indicated by a ginger circle in the bottom
right image. (c): spectra were extracted from the whole imaged area at 30 °C under

exposure to 30 (blue), 40 (brown), 50 (yellow) and 60 (purple) bar CO:. (Source [9])

4.3.3 The investigation of effect of exposure time on the phase

separation in PCL/PLA blends under high-pressure CO:

As shown in figure 4.7, increasing exposure time can also enhance the extent of phase
separation gradually in the PCL/PLA blend before reaching its equilibrium, which is
indicated by the gradual separation and size change of PCL-rich domains and PLA-rich
domains. This is because this blend needs some time to reach its equilibrium. However, the

shape, size and location of blend component-rich domains in the images and absorbance of
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bands in the spectra, measured after 60 min did not change. It indicates that increasing

exposure time will no longer affect phase separation after the equilibrium reached. [9]

(a)
Without CO, Soon after exposure 5 min 15 min 60 min

high
PCL

low

high
PLA

low

Absorbance

D i i i
1800 1600 1400 1200 1000

Wavenumber (cm'1}

75



(©)

Absorbance

2345 2340 2335 2330 2325 2320 2315 2310
Wavenumber (cm'1]

Figure 4.22 (a): ATR-FTIR spectroscopic images of the PCL (Mn=10000) and PLA
blend at 45 °C in the absence of CO,, soon after exposure to 60 bar CO2, 5, 15 and 60
min. The top images are based on the spectral band of PCL while bottom images are
based on that of PLA. (b): spectra were extracted from the PCL-rich domain indicated
by a brown circle in the top right image and the PLA-rich domain indicated by a green
circle in the bottom right image. (c): spectra were extracted from the imaged area soon

after exposure to 60 bar CO: (blue), 5 (brown), 15 (yellow) and 60 (green) min. (Source
9D

4.3.4 The investigation of effect of heat on the phase separation in

PCL/PLA blends under high-pressure CO:

As mentioned in section 4.3.1, heat induces phase separation in PCL/PLA blends even

without high-pressure CO.. This is because increasing temperature leads to the increasing
76



chain and segmental mobility and then enhance the extent of phase separation. However,
because the solubility of CO: in polymers decreases with increasing temperature, the CO-
sorption in the polymer blend decreases with increasing temperature, which is indicated in the
spectra (figure 4.8 (c)). The smaller concentration of CO> results in a higher T, of polymer
blend and thus has a negative effect on its phase separation. As a result, the effect of heat on

phase separation in PCL/PLA blends under high-pressure CO; is difficult to predict. [9]

The formal measurement was also taken after the sample reaches its equilibrium. It can be
found that phase separation in PCL/PLA blends under high-pressure CO; is enhanced

gradually with increasing temperature as shown in figure 4.8. [9]
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Figure 4.23 (a): ATR-FTIR spectroscopic images of the PCL (Mn=10000) and PLA
blend in the absence of CO:2 at 25 °C, exposed to 60 bar CO:2 at 25 °C, 35 °C, 45 °C and
55 °C. The top images are based on the spectral band of PCL while bottom images are
based on that of PLA. (b): spectra were extracted from the PCL-rich domain indicated
by a blue circle in the top right image and the PLA-rich domain indicated by a green
circle in the bottom right image. (c): spectra were extracted from the whole imaged area
at 25 °C (blue), 35 °C (brown), 45 °C (yellow) and 55 °C (purple) under exposure to 60
bar COz. (Source [9])

PCL/PLA blends under 30 bar CO; and after depressurisation were measured and shown in
figure 4.9 to explain this phenomenon. Because of the shrinkage of polymer blend after
depressurisation, its density increases and the concentration of both PCL and PLA is greater.
However, the shape, size and location of blend component-rich domains in the images are
constant after depressurisation. It means that the phase separation of polymer blends is not
reversible with reduced CO; pressure. As long as the polymer blend/CO; system is in
equilibrium, only the increasing mobility of polymers caused by increasing temperature will

affect the extent of phase separation. [9]
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Figure 4.24 ATR-FTIR spectroscopic images of the PCL (Mn=10000)/PLA blend under
exposure to 30 bar CO: and after depressurisation at 30 °C. The top images are based

on the spectral band of PCL while bottom images are based on that of PLA. (Source [9])

4.3.5 The investigation of effect of polymer molecular weight on
the phase separation in PCL/PLA blends under high-pressure
CO:

The effect of polymer molecular weight on phase separation was also assessed by changing
the molecular weight of PCL from 10,000 to 93,000. It was found that high-pressure CO> can
also induce phase separation in the new polymer blend and the effect of temperature, CO>
pressure and exposure time on its extent of phase separation is the same. However, PLA/PCL
(M;=93,000 for PCL) blend film takes a shorter time to reach its equilibrium than PLA/PCL
(Mx=10,000 for PCL) blend film under the same conditions (the same film thickness, the
same CO; pressure and the same temperature). It can be explant by the higher LCST of
PCL/PLA blends with a lower M, of PCL, which indicates that PCL/PLA blends with a lower
molecular weight PCL requires more heat to phase separate.[94] Because high-pressure CO>
can mimic the effect of heat on the phase separation of LCST polymer blends, it is plausible
to suggest that PCL/PLA blends with a lower molecular weight blend component need more

heat, exposure time or CO; to further phase separate under high-pressure CO,. [9]
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4.3.6 The mechanism of phase separation in PCL/PLA blends
under high-pressure CO:

The average integrated absorbance of spectral band of PCL (1750 cm™-1700 cm™) in all of
the pixels in the PCL-rich domains and the PCL-poor domains was calculated to obtain the
average concentration of PCL in these areas. Likewise, the average PLA concentration in the
PLA-rich domains and the PLA-poor domains can also be obtained via the band of PLA
(1115 cm'-1058 cm™). As shown in figure 4.10, the concentration difference of blend
component between blend component-rich domains and blend component-poor domains
increases with increasing exposure time but keeps nearly constant with increasing CO>
pressure or temperature. The same trend with the increasing CO; pressure and the increasing

temperature is reasonable because high-pressure CO; can mimic the effect of heat. [9]
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Figure 4.25 Integrated absorbance difference of the spectral band of PCL between
PCL-rich domains and PCL-poor domains (blue points and fitting curve) and
integrated absorbance difference of the spectral band of PLA between PLA-rich
domains and PLA-poor domains (red stars and fitting curve) with increasing exposure

time (a), pressure (b) and temperature (c). (Source [9])

The mechanism of phase separation in LCST polymer blends under high-pressure CO> needs
further investigation to explain the above phenomena. Because the concentration fluctuation
increases with increasing exposure time before the equilibrium, the type of phase separation
under high-pressure CO; at the early stage is spinodal decomposition process. This process
occurs near the critical point in the phase diagram and it can be modelled by the Cahn-

Hilliard equation. [9,103]

After the equilibrium reached, because increasing temperature or CO> pressure does not
affect the concentration difference, the type of phase separation under high-pressure CO; at
the late stage is nucleation and growth mechanism. It is because increasing CO> pressure
leads to increasing Flory interaction parameter and thus decreasing critical point in the phase
diagram. [8] As a result, both heat and increasing CO» pressure lead to the fact that the
binodal becomes further above the critical point. [9,103]

4.4 Conclusion

In this chapter, in situ high-pressure ATR-FTIR spectroscopic imaging was applied to
visualize the dynamic process of phase separation in biopolymer PCL/PLA blends under
high-pressure CO», which is a good example of high-pressure CO»-induced phase separation
in LCST polymer blends. First of all, heat-induced phase separation in PCL/PLA blends was
observed via in situ ATR-FTIR spectroscopic imaging, which indicates the feasibility of
detecting phase separation through this technology. Because high-pressure CO> can simulate
the effect of heat, this blend was exposed to high-pressure CO> and the occurrence of phase
separation was visualized. Through varying different process variables (temperature, CO>
pressure and exposure time), the changes in the extent of phase separation can be revealed by

analysing the obtained ATR-FTIR spectroscopic images. The appearance and gradual
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separation of PCL-rich domains and PLA-rich domains in the polymer blend shown in the
spectroscopic images indicate the increasing extent of phase separation under different
conditions. As a result, it can be demonstrated that the extent of phase separation in
PCL/PLA blends under high-pressure CO- is enhanced with increasing exposure time, CO2
pressure and temperature. It was also found that polymer blends with a larger molecular
weight blend component are easier to phase separate under the same conditions, which is
because the LCST of PCL/PLA blends increases with reducing My, of one blend component.
Finally, it was found that phase separation in this blend under high-pressure CO> is spinodal
decomposition process before the equilibrium and nucleation & growth process after the

equilibrium reached.[9]

With the help of this technology, the change of processing conditions, such as exposure time,
temperature and pressure, can control the morphology of a specific LCST polymer blend
system in situ and then influence the final processed products and materials. This study is the
first step toward the realization of this potential. Another advantage of spectroscopic imaging
is the ability to investigate the interactions occurring in the multicomponent polymer system,

which will be explored in the next chapter. [9]
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Chapter Five

Intra- and Intermolecular Interactions in the
Polymer Blends under High-pressure CO» studied
by Two-Dimensional Correlation Analysis and

Two-Dimensional Disrelation Mapping
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S. Inter- and Intramolecular Interactions in the
Polymer Blends under High-pressure CO;
studied by Two-Dimensional Correlation
Analysis and Two-Dimensional Disrelation

Mapping

As mentioned in the previous chapter, high-pressure and supercritical CO2 may benefit the
polymer processing. Thus, the mechanisms of polymer-polymer interaction with or without
high-pressure CO» are worthy of further investigation. This chapter presents the application
of two-dimensional (2D) correlation analysis and 2D disrelation mapping to datasets of
PCL/PLA blend before and under exposure to high-pressure CO> obtained by in situ ATR-
FTIR spectroscopic imaging. The specially designed polymer interface was prepared to
distinguish the interactions between the same type of polymer molecules and different types

of polymer molecules. [15]

This work demonstrates that the number of all three types of interactions: interaction between
PCL molecules and PLA molecules, interaction between PCL molecules and interaction
between PLA molecules in the polymer interface under exposure to high-pressure CO>
decreases compared with that in the polymer interface before exposure to high-pressure CO2
through comparing the disrelation intensity. The occurrence of phase separation in the
PCL/PLA blend under high-pressure CO2, which is visualized in chapter 4, can be explained
by the increase in the Flory interaction parameter caused by weaker interactions between
polymer molecules. The findings from this work are beneficial for polymer processing with

high-pressure and supercritical COx. [15]

5.1 Motivation and scientific background

As mentioned in section 2.4, high-pressure and supercritical CO; is widely used in polymer

processing as a viscosity modifier, plasticizing agent, reaction medium and foaming agent.
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Thus, to fully realize the potential of polymer processing with it, the mechanisms of polymer-
polymer interactions need more investigation.[80] To be more detailed, the interaction
between additives and functional groups of polymers is hindered by the non-covalent bonds
between polymer molecular chains. Then the access of these additives into the space between
polymer molecules will be inhibited. As a consequence, weakening the polymer-polymer
interactions, which promotes the penetration of polymer additives, can modify the polymer
properties. However, the pharmaceutically important hydrogen bond interaction in some
kinds of polymer blends is an exception. For instance, the hydrogen bond interaction in
poly(ethylene glycol) (PEG) / polyvinylpyrrolidone (PVP) blends has a great influence on the
elastic and adhesive properties, when these blends are used as transdermal delivery devices.
[56] In summary, the investigation of inter- and intramolecular dipole-dipole interaction

between polymers can predict and then improve the polymer properties. [15]

There are two species of polymers with C=0O groups in the polymer sample under exposure to
high-pressure CO»: the free species and interacted species. The interacted species can also be
divided into two species: the one interacted with CO2 and the other one interacted with the
C=0 groups of other polymer molecules.[14,28] When PCL/PLA blends are exposed to high-
pressure CO», the situation will become more complex because both polymers have carbonyl
groups. The inter- and intramolecular dipole-dipole interactions (C=O---C=0) occur between
a PCL molecule and a PLA molecule or between the same type of polymer molecules (PCL
molecules or PLA molecules). Since all these three interactions lead to a different trend of
absorbance change from the non-interacted C=O groups in the polymer and then result in
cross-peaks in 2D correlation spectra, it is challenging to distinguish them through the
conventional 2D correlation analysis. As a result, a specific PCL/PLA interface was designed
in this study to distinguish these three types of inter- and intramolecular dipole-dipole

interactions (C=0---C=0). [15]

In chapter 4, ATR-FTIR spectroscopic imaging was applied to visualize phase separation of
PCL/PLA blends under high-pressure CO>. It was found that the extent of phase separation is
enhanced with increasing temperature, CO> pressure and exposure time.[9] Another study has
investigated the mechanisms of possible interactions existing in polymers under high-
pressure COz. It is assumed that high-pressure CO> breaks partly the polymer-polymer
interactions but there is no strong spectroscopic evidence for this assumption.[14]

Nevertheless, this work has highlighted that the prediction of polymer behaviour and the
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improvement of polymer properties will both benefit from the understanding of polymer-
polymer interactions. Thus, in this chapter, two steps were taken to demonstrate it: (1)
investigating the polymer-polymer interactions before exposure to high-pressure CO;. (2)
investigating the polymer-polymer interactions under high-pressure CO>. With the help of 2D
correlation analysis and 2D disrelation mapping, ATR-FTIR spectroscopic imaging was
applied in this chapter to investigate the interaction occurring in PCL/PLA interfaces before

and under exposure to high-pressure CO». [15]

5.2 Experimental section

5.2.1 Materials

PCL, PLA and CO; used in this chapter are the same as those used in chapter 4. The chemical
structures of PCL and PLA are shown in Figure 5.1. [15]

O
O
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Figure 5.26 Chemical structures of PCL (top) and PLA (bottom). (Source [15])

5.2.2 Polymer interface preparation

The dried PLA was dissolved in chloroform (99.2% chloroform, 0.8% ethanol) to prepare the
PLA solution and then the solution was cast onto the diamond to create a PLA film. After the
film was fully dried, a scalpel was used to cut the formed film into two halves along the
central line of diamond. Half of the film was disposed while the other half was covered by a
glass slide. Then dried PCL was also dissolved in chloroform to obtain the PCL solution and
then cast on the remaining half of the diamond. [79] The contact between PCL and PLA was
ensured to be intimate and uniform because the PCL solution was liquid when it contacted
the PLA half-film. It was also ensured that the size and thickness of both PCL half-film and
PLA half-film were almost the same. Similar to chapter 4, the concentration of chloroform in
the polymer sample was also monitored by the ATR-FTIR spectrometer to confirm that it had

completely evaporated from the sample before taking measurements. [15]

5.2.3 In situ ATR-FTIR spectroscopic imaging measurements

An Alpha FTIR spectrometer (Bruker Corp.) was used to measure the conventional ATR-
FTIR spectra of each component in PCL/PLA blends, separately. A Tensor 27 FTIR
spectrometer (Bruker Corp.), as detailed in section 3.2, was applied to measure the ATR-
FTIR spectroscopic images with an FPA detector. A spectral resolution of 4 cm™ and 64 co-

added scans were applied. [15]

5.2.4 High-pressure experimental apparatus

The high-pressure set-up is detailed in section 3.3. [15]
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5.2.5 2D correlation analysis and 2D disrelation map

2D correlation analysis was used to process with sets of spatially resolved spectra obtained

from varied spectral positions. [15]

Through assuming a spectral data matrix A made up of m rows of spectra and » columns of
spectral variables, a set of dynamic spectra A are defined through subtracting an average

spectrum. Then the synchronous correlation spectrum @ can be obtained as
®=—ATA (5-1)

The absolute value of disrelation spectrum A;; can be obtained by

Ay] = [dud; — @} (5-2)

where ¢;; means the ith row and jth column element of the synchronous correlation matrix

defined by Eq. (5-1). [15]

The intensity of a synchronous 2D correlation spectrum ¢;; corresponds to the similarity in
changes of the spectral intensities at the ith and jth spectral variables (e.g. wavenumber)
observed within a measured area. While the intensity of a disrelation spectrum A;; represents
the dissimilarity of changes of the spectral intensities at the ith and jth spectral variables
appearing in the spatial region. [46,104] When employing 2D correlation analysis to
spectroscopic imaging data, the disrelation intensity is more important. For instance, a
substantial level of disrelation intensity will appear when physically or chemically
meaningful changes occur. Thus, one can further utilize this feature of disrelation intensity to
construct disrelation maps in order to identify the pertinent spectral variations within a
spectroscopic image. In the protocol of disrelation mapping, disrelation analysis is applied to
a small select local window within the full spectral image. Then the window is incremented
stepwise so as to cover the whole spectral image. Disrelation intensity only becomes
significant in the regions where physically or chemically meaningful variations take place.

This technology is suitable to pinpoint the region of interest within a vast spectral dataset. [15]
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5.3 Results and discussion

5.3.1 The evidence of inter- and intramolecular dipole-dipole
interactions (C=0---C=0) between polymer molecules before

exposure to high-pressure CO:

The research focus is the interfacial area between PCL bulk area and PLA bulk area. It is
because the inter- and intramolecular dipole-dipole interactions (C=0---C=0) between PCL
molecules and PLA molecules only occur in this area. Meanwhile, the inter- and
intramolecular dipole-dipole interactions between PCL molecules only occur in PCL bulk
area while those between PLA molecules only occur in PLA bulk area. As a result, because
of the special structure of PCL/PLA interface, these three types of interactions are well
distinguished in it. Moreover, PLA with a higher My was chosen in this work to enhance the
intermolecular dipole-dipole interactions between PCL and PLA in the interfacial area. This
is because the smaller PCL molecules are much easier to enter the free volume of larger PLA
molecules. It will result in the increasing possibility for the interaction between PCL and
PLA. On the other hand, PLA, which has a higher proportion of C=0O groups, is more likely
to interact with PCL when contacting PCL. [15]

5.3.1.1 ATR-FTIR spectroscopic imaging

According to the research in chapter 4, the spectral band at 1721 cm™ and the spectral band at
1083 cm!, which correspond to PCL and PLA, were used to construct ATR-FTIR
spectroscopic images of their distribution. [9] As shown in figure 5.2, PCL and PLA are well
separated in the interface and the interfacial area is clearly represented by green pixels and
blue pixels. It was observed that the shape of interfacial area in the centre-right image is like
a hook. The interfacial region is the narrowest at the right side of ‘hook’ and the second
narrowest at its left side. This indicates that the PCL bulk area and the PLA bulk area are

closest in these two regions of the image. [15]
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Figure 5.27 Top: ATR-FTIR spectroscopic images of the PCL/PLA interface in the
absence of CO: at 30 °C. The images are based on the spectral band of PCL (1733 ¢cm™!-
1708 cm™!) (left) and PLA (1115 cm™'-1058 cm™!) (right). Bottom: spectra were extracted
from the PCL bulk area indicated by a brown circle and the PLA bulk area indicated

by a blue circle in the top images, respectively. (Source [15])
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5.3.1.2 Synchronous spectra and disrelation spectra

Figure 5.3 (top) and figure 5.3 (bottom) show the synchronous and disrelation spectra which
were derived from the ATR-FTIR spectra of the interface at 30 °C, respectively. As shown in
figure 5.3 (top), one can observe several auto peaks including (1721 cm™, 1721 cm™) and
(1753 ecm™, 1753 ecm™), which indicates that the change in the concentration of both PCL and
PLA is great within the spatial region. It is because of the phase separation in the PCL/PLA
interface. The negative synchronous cross peaks including (1721 cm™, 1753 cm™) indicate
that the concentration of one polymer increases while that of the other one reduces as a
function of spatial position, which is another evidence of the occurrence of phase separation

in the interface. [15]

As shown in figure 5.3 (bottom), several cross peaks, which represents dissimilar changes of
the pattern of spectral absorbance, were observed in the disrelation spectra. The cross-peaks
(1753 em!, 1721 em™) correspond to the C=0 group of PLA and PCL, which are caused by
phase separation of the PCL/PLA interface. The auto peaks (1721 cm™, 1721 cm™) and
(1753 em™, 1753 cm™) in the synchronous spectra are split into cross peaks (1713 cm™, 1730
cm™) and (1737 cm’!, 1751 cm™) in the disrelation spectra. It implies that the spectral
absorbance for C=0 groups of PCL at 1730 cm ' and 1713 cm™! change in different manners.
Meanwhile, the spectral absorbance for C=O groups of PLA at 1737 cm ! and 1751 cm ™ also
change in different manners. The appearance of theses disrelation correlation peaks indicates
the specific states of both PCL and PLA molecules in the interface. It suggests that the
absorbance changes observed at 1713 and 1737 cm™!' are v(C=0) modes of PCL and PLA,
which represent the unusual molecular environment of the components. Positional shifts of
the carbonyl bands can be explained by the existence of an inter- and intramolecular dipole-
dipole interaction (C=0O---C=0) between the polymers. This is because the strength of
molecular-level interactions has a great effect on the band position of FTIR spectrum. [46]
The appearance of inter- and intramolecular dipole-dipole interaction (C=O---C=0) can then
be demonstrated by a band position shift to a lower wavenumber. As a result, it suggests that
the lower wavenumber bands at 1713 and 1737 cm™ are likely to correspond to the interacted
C=0 groups of PCL and PLA, respectively. They are the best current model to explain these

two bands though these assignments are not so definitive. [15]
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Figure 5.3 also shows a cross peak (1751, 1760 cm™) which means that the origin of band at
1760 cm™ is not as same as that at 1751 cm™' (interfacial interaction band). Although the
current research community cannot explain the origin of this band, at least it can be
concluded that the band at 1760 cm™! is not associated with the interfacial interaction band at
1751 cm™! and the normal amorphous band at 1737 cm™ of PLA. As a result, it suggests that
the subtle disrelation peak at 1760 cm™' represents the presence of little crystalline component,
which is difficult to identify by the examination of original FTIR spectra. Thus, this
discovery proves the power of 2D correlation technology to identify the subtle but important

change in the spectral feature. [15]
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Figure 5.28 Synchronous (top) and disrelation (bottom) spectra derived from ATR-
FTIR spectra of the PCL/PLA interface at 30 °C. (Source [15])

Thus far, it is concluded that the interaction between C=0 groups occurs. However, it is not
clear whether it is the inter- and intramolecular dipole-dipole interaction (C=O---C=0)
between the same type of polymer molecules or the intermolecular dipole-dipole interaction
(C=0---C=0) between different type of polymer molecules (PCL and PLA). As a

consequence, the disrelation map would be applied for further investigation. [15]

5.3.1.3 Disrelation Map

As shown in figure 5.2, When PCL and PLA contact, they diffuse into each other and coexist
in the interfacial area. As mentioned above, because of the special design of the polymer
interface, both of these two polymers are more likely to interact with each other in the
interfacial area. In addition, the concentration of PCL reduces gradually from the bottom to
the top part of the imaged area while that of PLA reduces gradually from the top to the
bottom part of the imaged area. The narrower the interfacial area, the higher the concentration
of PCL and PLA are on its both sides. Thus, it is supposed that the intermolecular dipole-
dipole interactions (C=0---C=0) between PLA molecules and PCL molecules are more

likely to occur in the narrower interfacial area. [15]
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The convolution filter, which is a spatial filter based on the 2D correlation function, was
applied to highlight the areas where disrelated variation between vi and v occurs. [46] Thus,
this filter can highlight the interactions between polymer molecules in this work. In order to
enhance the contribution from all correlation intensity, the smallest size of the convolution

window: 3%3 was chosen. [15]

As shown in figure 5.4, the disrelation map derived from the spectral absorbance of the bands
at 1737 cm™ and 1751 cm™ was prepared to visualize the different trends of the change in the
spectral absorbance of interacted C=0 groups and non-interacted C=0 groups of PLA. It was
found that the appearance of strong disrelation intensity (bright blue) is mainly in the same
area as the interfacial region and PLA bulk area in the ATR-FTIR images (figure 5.2), which
can be explained by the fact that there is an additional contribution accelerating or delaying
the absorbance change of the band of the C=0 groups in PLA. To be more specific, the
absorbance variation in the band of the interacted C=0O group of PLA does not follow the
trend of that of the non-interacted C=O group of PLA. It implies that the interaction between
PLA molecules appears in the interfacial region and PLA bulk area. [15]
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Figure 5.29 Disrelation map of the PCL/PLA interface obtained by -calculating
disrelation intensity between 1751 e¢cm™' and 1737 cm™!, corresponding to the non-

interacting C=0 groups and interacting C=0 groups of PLA, respectively. (Source [15])

If there is only interaction between the same type of polymer molecules existing, the
disrelation intensity in the interfacial area will not be as strong as that in the PLA bulk area.
This is because the concentration of PLA in the PLA bulk area is higher than that in the
interfacial area. However, it was found that the disrelation intensity in the PLA bulk area is
much weaker than that in the interfacial area. It indicates that an additional contribution exists
to accelerate or delay the absorbance change of band of the C=O groups of PLA and it only
appears when PLA contacts PCL. Moreover, the disrelation intensity becomes stronger with
reducing width of the interfacial area and peaks at the right side of the ‘hook’, which is the
narrowest interfacial area. This indicates that the additional contribution becomes stronger
with increasing concentration of contacting PCL and PLA. Thus, it can also be proved that

the interaction between PCL and PLA exists. [15]

As shown in figure 5.5, a disrelation map derived from the spectral absorbance of the bands
at 1713 cm! and 1730 cm™! was prepared to visualize the different trends of the absorbance
change in the bands of interacted C=0O groups and non-interacted C=O groups of PCL.
Likewise, disrelation intensity appears in the PCL bulk area, which indicates the occurrence
of the interaction between PCL molecules. But the strength of this type of interaction is much
weaker than that of the interaction between PLA molecules. This is because the dipole-dipole
interactions (C=0e¢+*C=0) are fewer in PCL compared with the same weight PLA. The
proportion of C=0 groups in PCL is lower than that in PLA. [15]
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Figure 5.30 Disrelation map of the PCE/PLA interface obtained by calculating

disrelation intensity between 1730 cm™! and 1713 cm™, corresponding to the non-

interacting C=0 groups and interacting C=0 groups of PCL, respectively. (Source [15])

Disrelation intensity also appears in the interfacial area, which suggests that the interaction
between C=0 groups in PCL and C=0O groups in PLA exists. Likewise, the disrelation
intensity becomes stronger with narrower interfacial area and peaks at the right side of ‘hook’
(the narrowest interfacial area). It suggests that the additional contribution, which accelerates
or delays the absorbance variation of the band of C=0 groups of PCL, becomes stronger with
rising concentration of contacting PCL and PLA. This discovery also demonstrates the

occurrence of the interaction between PCL and PLA. [15]

To summarise, the interaction between PCL molecules is proved by the appearance of
disrelation intensity in the PCL bulk area, while the interaction between PLA molecules is
proved by the appearance of disrelation intensity in the PLA bulk area. The interaction
between the PCL molecule and PLA molecule is proved by the strong disrelation intensity in
the interfacial area of PCL and PLA. In fact, the evidence of such development of inter- and
intramolecular dipole-dipole interactions (C=0Oe¢esC=0) was also provided by a previous

study based on ATR-FTIR spectroscopy. [15,28]
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5.3.2 The evidence of inter- and intramolecular dipole-dipole
interactions (C=0---C=0) between polymer molecules under

exposure to high-pressure CO:

5.3.2.1 ATR-FTIR spectroscopic images

As shown in figure 5.6, there is still phase separation in the PCL/PLA interface under
exposure to high-pressure CO> but the interfacial area becomes closer to the bottom part of
imaged area. It can be found from the spectra (figure 6(c)) that the CO2 sorption in PLA is
higher than that in PCL, which is because PLA with a higher proportion of C=O groups for
the Lewis acid-base interaction has a greater affinity for CO,. Because the CO; sorption leads
to polymer swelling, the greater CO» sorption, the greater extent of polymer swelling. Then
the greater extent of PLA swelling results in the displacement of the interfacial region.
Moreover, a new PCL/PLA interfacial area appears in the bottom right part of imaged area.
According to the previous study, even 60 bar CO; cannot induce crystallization of both blend
components in PCL/PLA blends. [9] Moreover, the peak of C=O stretching band will shift if
crystallization is induced. [16] No strong spectroscopic evidence of crystallization, such as
peak shift, appears in the spectra shown in figure 5.2 (bottom) and figure 5.6 (bottom). Thus,
it can be concluded that there is no crystallization occurring at the interface under exposure to
high-pressure CO>. More importantly, it is assumed that the studied inter- and intramolecular
interactions occur between polymer molecules in the amorphous region. This is because the
polymer molecules in the crystalline domains have already been involved in interactions

within corresponding crystalline domains. [15]
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Figure 5.31 Top: ATR-FTIR spectroscopic images of the PCL/PLA interface with 30
bar CO2 at 30 °C. The images are based on the spectral band of PCL (1733 cm'-1708
cm™) (a), PLA (1115 ¢m'-1058 e¢m) (b) and CO: (2355 ecm™-2315 ¢cm™!) (¢). Bottom:
spectra were extracted from the PCL bulk area indicated by a brown circle and the

PLA bulk area indicated by a blue circle in the images, respectively. (Source [15])

5.3.2.2 Disrelation Map

As shown in figure 5.7 (top), the disrelation map derived from the spectral absorbance of the
bands at 1730 cm™ and 1713 cm™! (non-interacted C=0O groups and interacted C=0O groups of
PCL) was prepared. Likewise, as shown in figure 5.7 (bottom), the disrelation map derived
from the spectral absorbance of the bands at 1751 cm™ and 1737 cm™ (non-interacted C=0O
groups and interacted C=0 groups of PLA). It can be observed that the disrelation intensity in
both PCL bulk area and PLA bulk area is weaker under high-pressure CO», which is because
high-pressure CO> breaks some of the interaction of PCL molecules and some of the
interaction of PLA molecules. Meanwhile, it can be observed that the high disrelation

intensity (bright blue) is in the same area as the interfacial region in the spectroscopic images
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(figure 5.6). The disrelation intensity becomes stronger with narrower interfacial region and
peaks at the right side of ‘hook’ (the narrowest interfacial region), which means that the
interaction of PCL molecules and PLA molecules still exists. But the strength of the
disrelation intensity is much weaker under high-pressure CO2, which suggests that high-
pressure CO> breaks some of the inter- and intramolecular dipole-dipole interactions
(C=0---C=0) between PCL molecules and PLA molecules. It can also be observed that the
disrelation intensity is abnormally strong in the bottom right part of the disrelation map,
which is caused by the fact that this new interfacial region was just formed under high-
pressure CO; so that high-pressure CO> don’t have enough time to penetrate the newly

formed interfacial region than the previous interfacial region. [15]
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Figure 5.32 Disrelation maps of the PCL/PLA interface under exposure to 30 bar CO:

obtained by calculating disrelation intensity between 1730 cm™! and 1713 cm!(top)
(corresponding to the non-interacted C=0 groups and interacted C=0 groups of PCL,
respectively.) as well as disrelation intensity between 1751 cm™ and 1737 cm™!(bottom).
(corresponding to the non-interacted C=0 groups and interacted C=0 groups of PLA,
respectively.) (Source [15])

5.3.3 The effect of Ay on phase separation of polymer blend

under high-pressure CO:

The previous research based on ATR-FTIR spectroscopy provided plenty of evidence of the
development of C=0--CO2 complex structures. [28,60,105] Lewis acid-base interaction
between CO2 and these two polymers will occur after CO2 penetrates the PCL/PLA blend.
The results obtained in this chapter can help explain the occurrence of phase separation in
PCL/PLA blends under exposure to high-pressure CO- visualized in Chapter 4.[9] From a
thermodynamic view, the free enthalpy G (Gibbs free energy) obtained by equation 4-2

should be positive when phase separation occurs. [15]

Figure 5.4, 5.5 and 5.7 demonstrate the CO;-weakened specific inter- and intramolecular
interaction between the polymer molecules while the previous research demonstrates the

appearance of Lewis acid-base interaction between C=0 groups and COx. [28,60,105] Due to
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the fact that the sum of Xpcy,co, and Xpra,co, 18 larger than Xpcy, pra, X increases and the phase

boundary in the phase diagram shifts to lower temperatures. [8,9,15]

5.4 Conclusion

In this chapter, the mechanisms of polymer-polymer interactions were investigated using 2D
correlation analysis and 2D disrelation mapping. A special PCL/PLA interface was designed
in this work to distinguish the intermolecular dipole-dipole interaction (C=0O---C=0) between
PLA molecule and PCL molecule from that intra- and intermolecular interactions between the
same type of polymer molecules. The occurrence of polymer-polymer interactions is proved
by the synchronous and disrelation spectra derived from the ATR-FTIR spectra of the
PCL/PLA interface. The obtained disrelation map shows the spatial distribution of all these
three interactions: the interaction between PLA molecules mainly in the PLA bulk area, the
interaction between PCL molecules mainly in the PCL bulk area, and the interaction between
PCL molecule and PLA molecule in the interfacial area. Thus, it demonstrates that all of
these three types of interactions occur in the PCL/PLA interface. Then the disrelation map
suggests that the number of all these three types of polymer-polymer interactions decreases
under high-pressure CO.. Consequently, the 2D correlation analysis provides evidence of the
break of some of the existing inter- and intramolecular dipole-dipole interaction (C=0O---C=0)
between polymer molecules, which inhibits the access of polymer additives to modify
polymer properties. The high-pressure COz-weakened polymer-polymer interactions and the
occurrence of Lewis acid-base interactions between C=O groups and CO; result in an
increase of the Flory interaction parameter and then make the phase boundary in the phase
diagram shift to lower temperatures. This result can help explain the occurrence of phase

separation in this blend under exposure to high-pressure CO, visualized in chapter 4. [15]

This work proves the power of combining FTIR imaging with 2D correlation analysis and 2D
disrelation map to identify different types of molecular interactions. This method is not
limited to the polymer interface with C=0 groups but has great potential to investigate other
homopolymers or multicomponent polymer systems with different functional groups. This

work is the first step toward the realization of this potential. [15]
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Chapter Six

Simultaneous visualization of phase separation and
crystallization in PHB/PLA blends with in situ ATR-
FTIR spectroscopic imaging
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6. Simultaneous visualization of phase
separation and crystallization in PHB/PLA
blends with in situ ATR-FTIR spectroscopic
imaging

This chapter presents the application of in situ ATR-FTIR spectroscopic imaging to detect the
phase separation and crystallization in PHB/PLA blends simultaneously. PHB/PLA blends
are representative upper critical solution temperature (UCST) polymer blends, which
indicates that they are miscible beyond the critical temperature for all compositions. This
work visualized the dynamic process of crystallization and phase separation in this blend

simultaneously in order to benefit the biopolymer processing. [16]

The first part of this chapter describes the isothermal crystallization process of homopolymers:
PHB and PLA measured by ATR-FTIR spectroscopic imaging. The second section of this
chapter focuses entirely on the isothermal crystallization process of PHB/PLA blends and the
comparison of the extent of phase separation in this blend under different isothermal
crystallization temperatures. It is found that crystallization slows down with increasing
isothermal crystallization temperature and then leaves more time for phase separation. Finally,

a mechanism of the isothermal crystallization process of the polymer blend was proposed. [16]

6.1 Motivation and scientific background

PHB, which can be obtained by bacterial fermentation, is an optically active aliphatic
polyester. It has a quite low Tg, nearly 5 °C. This polymer is widely used in many fields, such
as regenerative medicine and tissue engineering, because it is biodegradable and
biocompatible. [106-108] However, its high degree of crystallization results in brittleness.
Preparation of PHB copolymers and blending with other polymers are two common methods
to improve its mechanical properties. Between them, polymer blending technique is more
simple and PLA is one of the most suitable polymers to blend with PHB. [5,92] Compared
with PHB, there is one less -CH>- group in the chain backbone of repeating units in PLA. The
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monomer of PLA, lactide, can be produced from natural resources and the final products of
degradation (water and CO,) are also non-toxic, so it is also one of the most popular
biocompatible and biodegradable polymers. [75,109,110] More importantly, the stiffness and
tensile strength of PLA is great and it cannot crystallize even under relatively high cooling

conditions. [16,89,95,111]

The PHB/PLA (Figure 6.1) blend is an UCST polymer blend but its phase separation does not
occur below the crystallization temperature of its blend components because they are both
semi-crystalline polymers. On the other hand, the miscibility of PHB/PLA blends affects the
crystallization behaviour of PHB and PLA. As a result, several methods, such as FTIR
spectroscopy, polarized light microscopy and differential scanning calorimetry (DSC), have
been applied to characterize the crystallization behaviour of both miscible and immiscible
PHB/PLA blends. [66,68,84] Besides PHB/PLA blends, other UCST polymer blends, such as
PCL/ polystyrene (PS) blend [112] and poly(ethylene-co-hexene) (PEH)/poly(ethylene-co-
butene) (PEB) blend, [113] have also been investigated. It was demonstrated that the
crystallization kinetics[113] and the final structure[112] of polymer blends are dependent on
the competition between phase separation and crystallization, which results in the possibility

of morphology control of the final products. [16,93]

In the previous studies, simultaneous crystallization of PHB and PLA in the miscible blends
and their stepwise crystallization in the immiscible blends were investigated using dynamic
analysis of FTIR spectroscopy.[84] However, the melt-crystallization process can only be
studied in either immiscible state or miscible state due to the technical constraint. In this work,
the dynamic process of crystallization and phase separation in the PHB/PLA blend was
studied simultaneously using in-situ ATR-FTIR spectroscopic imaging. To the best of our
knowledge, the imaging approach has never been used to simultaneous visualize the

crystallization and phase separation of the polymer blend. [16]
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(a) CH, O

Figure 6.33 Chemical structure of (a) PHB and (b) PLA. (Source [16])

6.2 Experimental section

6.2.1 Materials

PHB (Mw=5,000) was bought from Polysciences. Inc. PLA (My=50,000) was purchased from

BMG Inc., Japan. The Tr, of PHB and PLA are 163 °C and 182 °C, respectively. [16]
108



6.2.2 The preparation of PHB/PLA blends

The process of polymer blend preparation is the same as that described in section 4.2.2 except

PHB took the place of PCL. [16]

6.2.3 In situ ATR-FTIR spectroscopic imaging

An Equinox 55 FTIR spectrometer (Bruker Corp.) with a MCT detector was used to measure
the conventional ATR-FTIR spectra of pure PHB and PLA, separately. A Tensor 27 FTIR
spectrometer (Bruker Corp.), as detailed in section 3.2, was applied to measure the ATR-
FTIR spectroscopic images with a FPA detector. A spectral resolution of 4 cm™ and 64 co-
added scans were applied. The obtained images reveal the changes in spatial distribution and

concentration of each component.[16,114]

6.2.4 Isothermal crystallization process of pure polymers and

polymer blends

The polymer blend sample was heated to 185 °C through using a heater and left for 5 mins in
order to remove the crystallites and erase thermal history. Then the samples were cooled
down by ambient air to the requested isothermal crystallization temperatures. The cooling
rates 14.5 "C/min, 14.3 °C/min, 14 °C/min, 13.6 °C/min, 13.25 *C/min, 13 °C/min and 12.5
°C/min are corresponding to the isothermal crystallization temperatures: 160 °C, 155 °C, 150
°C, 145 °C, 140 °C, 135 °C and 130 °C, separately. The smaller temperature difference
between diamond crystal in the ATR accessory and ambient air, the slower cooling rate will

become. The measurement took place in a 10 min interval and lasted for 6 hours. [16]
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6.3 Results and Discussion

6.3.1 The investigation of isothermal crystallization process of

homopolymers: PHB and PLA

ATR-FTIR spectra in the C=0 stretching vibration region of pure PHB and PLA at different
temperatures are shown in figure 6.2. Because the band at 1731 cm™! and the band at 1748
cm™ are the only bands of C=0O group in the molten states of these polymers, they are
assigned to the amorphous states of PHB and PLA, respectively. The band at 1720 cm™ is
due to the crystalline PHB because its absorbance increases while the absorbance of band
corresponding to the v (C=0) mode of amorphous PHB decreases during PHB crystallization.
Likewise, the band at 1756 cm™ is due to the crystalline PLA because its absorbance
increases while the absorbance of band corresponding to the v (C=0) mode of amorphous
PLA decreases during PLA crystallization. Thus, the integration ranges used to generate
spectroscopic images were selected as follows: 1730-1700 cm™ for crystalline PHB and
1762-1753 cm™! for crystalline PLA. Since these four bands corresponding to the v (C=0)
mode of amorphous PHB, amorphous PLA, crystalline PHB and crystalline PLA are well
identified, it is feasible to use them to trace the isothermal crystallization process of these two

polymers in situ. [16]
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Figure 6.34 ATR-FTIR spectra in the C=0 stretching vibration region of pure PHB and
PLA at the molten state (185 °C), isothermal crystallization temperature (135 °C) and 30
°C. (Source [16])

Firstly, ATR-FTIR spectroscopic imaging was used to measure the isothermal crystallization
process of pure PHB and PLA at 160 °C, 155 °C and 150 °C, separately. The colour red
represents a high degree of crystallization while the colour blue represents a low degree of
crystallization. Figure 3 (top) shows that PHB did not crystallize even after 6 hours when the
isothermal crystallization temperature (160 °C) was close to its Tm (163 °C). However, it
partially crystallizes at 155 °C and crystallizes at 150 °C or below. As a result, it was
demonstrated that the upper critical crystallization temperature (T.) for PHB (My=5,000) is
between 155 °C and 160 °C. On the other hand, as shown in figure 3 (middle), PLA
crystallizes in the whole isothermal crystallization temperature range because even the
highest isothermal crystallization temperature 160 °C is far from T (182 °C) of PLA. Thus, it
can be demonstrated that Tc of PLA (Mw=50,000) is above 160 °C. [16]
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Figure 6.35 Top: ATR-FTIR spectroscopic images of PHB after isothermal
crystallization at 160 (left), 155 (middle) and 150 °C (right) for 6 hours. These images
are based on the distribution of integrated absorbance of the v (C=0) band of
crystalline PHB. Middle: ATR-FTIR spectroscopic images of PLA after isothermal
crystallization at 160 (left), 155 (middle) and 150 °C (right) for 6 hours. These images
are based on the distribution of integrated absorbance of the v (C=0) band of
crystalline PLA. Bottom: FT-IR spectra were extracted from the crystalline PHB-rich
domain indicated by a pink circle (position A) and the crystalline PHB-poor domain
indicated by a ginger circle (position B) in the top middle image. The second derivative

spectra are attached above the FT-IR spectra. (Source [16])
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Figure 6.4 shows the change in the normalized integrated absorbance of v(C=0O) band of both
crystalline PHB and crystalline PLA as a function of time at different isothermal
crystallization temperatures. It was found that the larger gap between isothermal
crystallization temperature and T., the earlier polymer starts crystallization. When the
isothermal crystallization temperature is far from its Tc, crystallization starts before jumping
to its isothermal crystallization temperature. This is because the nucleation rate of polymers

slows down with increasing isothermal crystallization temperature. [16]

As shown in figure 6.4, it was also found that the degree of crystallization of pure polymers
increases with increasing isothermal crystallization time. Its speed at the early stage is high
because of the main (bulk) crystallization, and decreases at the late stage because of
decreasing crystallizable polymers and spherulitic impingement.[115] Furthermore, with
decreasing isothermal crystallization temperature, the speed of crystallization increases and it
takes less time to complete the crystallization process. It is because the mobility of polymer
chains decreases and they are more difficult to move out from the crystal lattice, which makes
the embryos (crystal-like regions) easier to reach their critical radius to form stable nuclei.
Furthermore, the increasing density of polymers with decreasing isothermal crystallization
temperature also promotes the formation of steady nuclei through density fluctuation.[59]

Both of these two factors benefit the nucleation of crystals and thus promote crystallization.

[16]
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Figure 6.36 The normalized integrated absorbance of the v (C=0) band of crystalline

PHB (top) and the v(C=0) band of crystalline PLA (bottom) as a function of isothermal
crystallization time at 130 (blue), 140 (red), 150 (yellow) and 160 (purple) °C. (Source

[16])

Figure 6.5 (left) indicates that the concentration of amorphous PHB decreases while the
concentration of crystalline PHB increases with decreasing isothermal crystallization
temperature. Thus, it is demonstrated that the degree of crystallization in PHB increases with
decreasing isothermal crystallization temperature. Below a certain isothermal crystallization
temperature (140 °C or less), the increase in the degree of crystallization is only a little.
Likewise, as shown in Figure 6.5 (right), the concentration of amorphous PLA decreases
while the concentration of crystalline PLA increases with decreasing isothermal
crystallization temperature. Although the change in the degree of crystallization is not as
obvious as PHB, it can still be demonstrated that the degree of crystallization of PLA
increases with decreasing isothermal crystallization temperature. Moreover, it can be found
that the broad v (C=0) band becomes sharper during the isothermal crystallization process,

which is due to the band splitting. When an ordered structure like crystal is formed, the
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dipole-dipole interactions between the C=0O groups lead to band splitting, which agrees with

the former research. [16,22]
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Figure 6.37 ATR-FTIR spectra in the region of v (C=0) band of PHB (left) and PLA
(right) extracted from the whole imaged area after isothermal crystallization at 130
(blue), 135 (orange), 140 (black), 145 (red), 150 (green) and 155 (pink) °C for 6 hours.

(Where C means crystalline polymer and A means amorphous polymer) (Source [16])

6.3.2 The investigation of isothermal crystallization process of

PHB/PLA (50/50) blends

PHB/PLA blend is miscible when the molecular weights of its components are low and it has
an UCST curve. Koyama et al. and Bliimm et al. have reported that immiscible PHB (My =
600,000)/PLA (Myw > 18,000) blends become miscible at room temperature with decreasing
My of PLA. This is because the UCST curve goes down with decreasing molecular weight of

PLA.[16,66,68,116]
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In the former study, time-resolved FTIR spectroscopy was applied to investigate the
isothermal crystallization process of miscible and immiscible PHB/PLA blends. [84,88]
During the isothermal crystallization process of the miscible polymer blend, only one peak in
the v (C=0) band region can be observed at the molten state and it stays at the same position
when its absorbance increases with time. Moreover, if Tm of each blend component are
similar, simultaneous crystallization of PHB and PLA will occur in the miscible polymer
blend. During the isothermal crystallization process of the immiscible polymer blend, an
extra shoulder peak can be found in the v (C=0O) band region at the molten state. Instead of
simultaneous crystallization, stepwise crystallization of PHB and PLA occurs in the
immiscible polymer blend. As a result, it is proved that the miscibility of polymer blend has
great effects on the crystallization behaviour of both polymers in the blend. In this work, with
the advanced in situ ATR-FTIR spectroscopic imaging, the isothermal crystallization process
of polymer blend (from the miscible molten state to the immiscible crystalline state) was

explored. [16]

Figure 6.6 shows the time-dependent ATR-FTIR spectra of PHB/PLA blend during
isothermal crystallization at 145 °C and their second derivative. The isothermal melt-
crystallization process of PHB/PLA blends is the same as that of homopolymers. The factor
that PHB/PLA (50/50) blends are miscible at the molten state can be proved by the only one
peak (1734 cm™) in the v (C=0) band region in the spectra. This band peaked at 1734 cm!
consists of these v (C=0) bands of molten PHB (1731 cm™") and molten PLA (1745 cm™).
Because both amorphous PHB and PLA are liquid at their T, they are easy to mix and then
lead to their homogeneous distribution in the polymer blend. Thus, it is assumed that
amorphous PHB and PLA are intermolecularly mixed. Second derivatives were prepared to
highlight the spectral changes during the isothermal crystallization process because of the
overlapped bands of PHB and PLA in the original ATR-FTIR spectra. These three strong
peaks at 1720, 1734, and 1756 cm™ are assigned to the v (C=0) bands of crystalline PHB,
miscible PHB/PLA (50/50) blend, and crystalline PLA, respectively. The decreasing
absorbance of the v (C=0) band of miscible PHB/PLA blend indicates the decreasing
concentration of amorphous polymers. While the increasing absorbance of the v (C=0) band
of crystalline PHB and PLA indicates the increasing concentration of crystalline polymers.
Because crystallinity of PLA is low while that of PHB is high, the v (C=0) band of
amorphous PLA remains while that of amorphous PHB disappears after annealing at 145 °C.
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It can be demonstrated that both amorphous PHB and PLA in the blend crystallize during the

isothermal crystallization process. [16]
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Figure 6.38 Time-dependent ATR-FTIR spectra of PHB/PLA (50/50) blend during

isothermal crystallization at 145 °C (bottom) and their second derivative (top). (Source

[16])
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Figure 6.7(a) depicts only a small amount of amorphous PLA crystallizes while amorphous
PHB does not crystallize in the blend after annealing at 160 °C, which is indicated by the
slight increase in the absorbance of the v (C=0) band of crystalline PLA (1756 cm™) and no
apparent v (C=0) band of crystalline PHB. This result is constant with pure polymers above.
Figure 6.7(b) reveals that the v (C=0) band shows a shift from 1734 cm™ (miscible state of
the PHB/PLA blend) to 1720 cm™ (crystalline state of pure PHB) during the annealing
process at 140 °C. It means that crystalline PHB appears from the miscible PHB/PLA blend.
The intermolecular interaction between PHB and PLA molecules in the miscible state turns to
the inter- and intramolecular interaction between PHB and PHB molecules in the immiscible

state. [16]
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Figure 6.39 Time-dependent ATR-FTIR spectra in the v (C=0) band region of
PHB/PLA (50/50) blend during isothermal crystallization at (a) 160 and (b) 140 °C.
(Source [16])

Figure 6.8 shows the ATR-FTIR spectroscopic images of the PHB/PLA blend which was
measured soon after the temperature decreases to 150 °C, 60, 120, 180, and 360 min later.
The occurrence of phase separation during the isothermal crystallization process is indicated
by the appearance and gradual separation of crystalline PHB-rich domains and crystalline
PLA-rich domains in these spectroscopic images. Soon after the temperature decreases to 150

°C, both PHB and PLA are amorphous. After 60 min, PHB does not crystallize while PLA
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PLA

PHB

starts crystallization. The relatively higher concentration of crystalline PLA at the top part of
images implies that phase separation starts before the occurrence of crystallization in the
polymer blend, which agrees with the previous research of Chuang et al. [69,117] This is
because PHB does not have enough free energy to come over the energy barrier of the stable
nucleus formation at the early stage. [117] The size change and graduate separation of
crystalline PHB-rich domains and crystalline PLA-rich domains indicate that the extent of
phase separation is enhanced with increasing annealing time. After 6 h, it can be observed
that crystalline PHB-rich domains and crystalline PLA-rich domains are separated to a great
extent. Spectra in figure 6.8 (bottom) also demonstrate that the concentration of crystalline
PLA in the crystalline PLA-rich domains is higher than that in crystalline PLA-poor domains
and the concentration of crystalline PHB in the crystalline PHB-rich domains is higher than
that in crystalline PHB-poor domains. As a result, it can be demonstrated that phase

separation occurs before crystallization and then they proceed simultaneously. [16]
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Figure 6.40 Top: ATR-FTIR spectroscopic images of the PHB/PLA blend measured
soon, 60 min, 120 min, 180 min and 360 min after temperature decreases to 150 °C. The
top row images were developed based on the distribution of integrated absorbance of
the v (C=0) band of PLA crystal while the bottom row images were obtained based on
that of the v (C=0) band of PHB crystal. Bottom: spectra were extracted from the PLA
crystal-rich domain indicated by a dark blue circle (position A) in the top right image
and the PHB crystal-rich domain indicated by a pink circle (position B) in the middle
right image. (Source [16])

As mentioned in Section 6.3.1, T for pure PHB is below 160 °C while that for pure PLA is
above 160 °C, which means that the critical temperature of phase separation and

crystallization in the PHB/PLA blend is less than 160 °C. PHB/PLA (50/50) blend samples
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were annealed at different isothermal crystallization temperatures in this work. It was found
that both phase separation and crystallization occur in the blend when the annealing
temperature is 150 °C. When the annealing temperature is 155 °C, PHB in the polymer blend
does not crystallize even after annealing for 6 h, which was indicated by the fact that no v
(C=0) band of crystalline PHB appears in the spectra. This is because the appearance of PLA
affects the crystallization of PHB and also leads to Tm depression. [118] Thus, it can be
concluded that the critical temperature for phase separation and crystallization of PHB/PLA
(50/50) blends is between 150 and 155 °C. [16]

The effect of isothermal crystallization temperature on the extent of phase separation in the
polymer blend was also investigated. As shown in figure 6.9, crystalline PHB-rich domains
and crystalline PLA-rich domains are separated to a great extent when the isothermal
crystallization temperature is 150 °C. Since PHB is partially crystallized even after annealing
for 6 h, there is no PHB crystal on the top side of images. Thus, it suggests that the extent of
phase separation is very high because there is no crystalline PHB in the crystalline PLA-rich
domains. When the annealing temperature is 145 °C, most crystalline PHB-rich domains and
crystalline PLA-rich domains are separated but some of them are overlapped. With a lower
annealing temperature, crystalline PHB-rich domains and crystalline PLA-rich domains are
more overlapped and less separated. As a result, it is concluded that the extent of phase

separation in the blend is weaker with decreasing annealing temperature. [16]
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Figure 6.41 ATR-FTIR spectroscopic images of the PHB/PLA blend after cooling to the
isothermal crystallization temperature at 135, 140, 145 and 150 °C for 6 hours. The top
row images are based on the distribution of integrated absorbance of the v (C=0) band
of PLA crystal while the bottom row images are based on that of the v (C=0) band of
PHB crystal. (Source [16])

The normalized integrated absorbance change in the v (C=0) band of crystalline polymers in
the blend with increasing annealing time was plotted to explain this phenomenon. Since PHB
is partially crystallized and not all of the imaged area is occupied by crystalline PHB at 150
°C, the normalized integrated absorbance change in the v (C=0) band of crystalline polymers
at this temperature was not discussed in this chapter. As shown in figure 6.10, the isothermal
crystallization process of polymers in the blend has a similar trend as that of pure polymers
before blending shown in figure 6.4. With increasing annealing temperature, the
crystallization start time of polymers becomes later and the crystallization process time
becomes longer. This finding is consistent with the study of Hashimoto that the greater

thermodynamic driving force leads to the earlier stage where the coarsening starts. [16,119]

It is also found that the rate of PLA crystallization after annealing at 140 °C is abnormally
faster than that after annealing at 135 °C in the first 40 min. In pure polymers, there are only
two factors that affect the rate of crystallization: the decreasing mobility and the increasing
thermodynamic driving force with increasing undercooling. In polymer blends, another factor
can also affect the rate of crystallization: the existence and crystallization of both blend
components affect each other. [62] This factor will be discussed further in the next section.
The rate of crystallization of polymers in the blend is lower than that without mixing, which
is due to the appearance of other blend component and the dilution effect: the concentration
of each blend component decreases after being mixed. When the annealing temperature is
145 °C, the rate of crystallization in PLA after 100 min is abnormally high. This is because
PHB starts crystallization later and a smaller number of PHB crystals and nuclei have a
weaker restriction on the crystallization of PLA. Moreover, PHB completes crystallization

after 6 h so that the reduction of PHB crystallization rate is not shown in the profiles. [16]

In summary, the lower annealing temperature leads to the earlier start of polymer

crystallization and less time for amorphous polymers to phase separate. The formed polymer
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crystal is more stable and then becomes more difficult to phase separate. Moreover, PLA
starts crystallization ahead of the temperature reaches the annealing temperature and then the
PLA crystals fill the whole blend very fast. The resulting spatially limited region confines the
movement of amorphous PHB. Both of these two factors ‘freeze’ the polymer chains and
then prevent the further phase separation of polymer blend. In other words, the diffusion-
limited mobility of polymers is the main reason for the weaker extent of phase separation
with decreasing annealing temperature. On the other hand, the longer crystallization process
time with increasing annealing temperature lets the lamellar stacks have more opportunities
to expel the other type of polymer outside, which can enhance the extent of phase separation.
This new discovery is meaningful to the process of UCST crystallizable polymer blend
because the phase separation can be controlled through reducing the annealing temperature.

[16]
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Figure 6.42 (a) Normalized integrated absorbance of the v (C=0) band of crystalline
PHB and (b) that of the v (C=0) band of crystalline PLA in the polymer blend as a
function of time extracted from the whole imaged area at 135 (blue), 140 (red), and 145
(yellow) °C. (Source [16])

As shown in figure 6.11, it can be observed that the degree of crystallization of PHB in the
blend decreases with increasing annealing temperature, which is constant with the
crystallization of PHB without blending. It is because the crystallization of PLA almost
finishes when PHB starts crystallization. Furthermore, the degree of crystallization in PLA is
lower than that of PHB, which was proved by the spectra shown in figure 6.11. Thus, the
PLA crystals and nuclei do not affect PHB crystallization much. Likewise, the degree of
crystallization of PLA in the blend also decreases with increasing annealing temperature from
140 to 155 °C, which is constant with the crystallization of PLA without blending. The reason
for the lower degree of crystallization is because PHB starts crystallization after PLA almost

finishes. Thus, the early stage of PLA crystallization, during which most PLA crystals form,
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is not affected much by PHB crystallization except at too low isothermal crystallization

temperature. [16]

The abnormally low degree of crystallization in PLA at 135 °C is because the large amount of
PHB nuclei and crystal in the blend confines the PLA crystallization. After annealing at 135
°C, PHB starts crystallization very quickly and the degree of crystallization is also the highest.
Moreover, the extent of phase separation is the weakest at that annealing temperature so that
the concentration of PLA in PLA-rich domains is not high so that the dilution effect will also

restrict its crystallization. [16]
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Figure 6.43 ATR-FTIR spectra in the region of v (C=0) band of PHB/PLA blend
extracted from the whole imaged area after isothermal crystallization at 135 (red), 140

(black), 145 (blue), 150 (green) and 155 (pink) °C for 6 hours. (Source [16])
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6.3.3 Mechanism of phase separation and crystallization in the

UCST crystallizable polymer blend

The mechanism proposed in the former research [112,117] was validated through the
simultaneous visualization of crystallization and phase separation in polymer blends in this
work. The coexistence and competition of crystallization and phase separation in the region
below the melting curve of phase diagram, which was proposed by Chuang et al [117], are
proved by the spectroscopic images in Figure 6.9. Meanwhile, more evidence was provided
for the crystallization-induced phase separation [112], which was discussed in detail below.
Moreover, new information revealed in this work was used to supplement and improve this
mechanism. For example, the ATR-FTIR spectra (figure 6.7) indicate the transformation of
intermolecular interaction between different polymers in the miscible blend to the intra- and
intermolecular interactions between the same type of polymers in the phase-separated blend.
More importantly, in the past, only several intermediate structures and the final structure
were available to analyse because of the limitation of the conventional technology. Thus,
most mechanisms proposed in the previous studies are segmentary and some important
information, such as the change in the extent of phase separation, is lacked because the whole

dynamic process has never been monitored in situ. [16]

According to the results obtained in this work, the mechanism of phase separation and
crystallization in UCST crystallizable polymer blend during the isothermal crystallization
process was summed. Figure 6.12 reveals the whole dynamic process of isothermal
crystallization process. (1) After temperature reaches the critical point, amorphous-
amorphous phase separation occurs and then amorphous PHB-rich domains and amorphous
PLA-rich domains are formed. (2) The resulting local density fluctuations let the amorphous
polymers have enough energy to overcome the energy barrier and then form nuclei. The
PHB-rich domains behave as nuclei when they surround the PLA-rich domains, while the
PLA-rich domains behave as nuclei when they surround the PHB-rich domains. These
surrounded blend component-rich domains act as seeds for crystallization and then outward
lamellar growth starts. (3) The phase separation-induced amorphous polymer-rich domains
can accelerate the crystallization. This is because the amorphous polymer in this area has a
higher concentration than other areas, which can promote the primary nucleation of the

crystal. However, compared with pure polymer, the rate of crystallization is relatively slow
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because of the dilution effect. PHB nuclides in the PHB-rich domains aggregate into the
early-stage PHB spherulites while PLA nuclides in the PLA-rich domains aggregate into the
early-stage PLA spherulites. On the other hand, PHB in PLA-rich domains (PHB-poor
domains) and PLA in PHB-rich domains (PLA-poor domains) are difficult to nucleate
because of their low concentrations in these areas. As the isothermal crystallization process
proceeds, crystallization becomes the main process because the small diffusion constant in
the crystalline polymer region hinders the phase separation. But the phase separation is not
totally stopped because the crystal rejects the amorphous polymer into interlamellar,
interfibrillar, and interspherulitic regions through using the stabilizing force during the
lamella growth. [112] For instance, the PLA crystal rejects the amorphous PHB or the PHB
crystal rejects the amorphous PLA. Then, larger amorphous polymer-rich domains are
formed by merging the rejected amorphous polymers to minimize the surface energy. (4)
Finally, the amorphous polymer in these amorphous polymer-rich domains starts crystallizing.
The mechanism proposed above explains the observation through these ATR-FTIR

spectroscopic images directly. [16]
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Figure 6.44 A schematic illustration of the whole dynamic process of phase separation
and crystallization of PHB/PLA blends studied by in situ ATR-FTIR spectroscopic
imaging. (Source [16])
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6.4 Conclusions

In this chapter, the simultaneous visualization of the crystallization and phase separation in
PHB/PLA blends has been realized for the first time through utilizing in situ ATR-FTIR

spectroscopic imaging. [16]

First, the isothermal crystallization processes in pure polymers without blending: PHB and
PLA were investigated. The upper critical crystallization temperature (Tc) and the onset time
of crystallization at different annealing temperatures were obtained. It was observed that the
degree of crystallization in polymers is enhanced with increasing annealing time.
Furthermore, the rate of crystallization and the final degree of crystallization both decrease

with increasing annealing temperature. [16]

Then, the isothermal crystallization process of PHB/PLA (50/50) blends was investigated.
The peak shift of v (C=0) band of PHB during the process indicates that the intermolecular
interaction between PHB and PLA molecules in the miscible state changes to the inter- and
intramolecular interactions between PHB and PHB molecules in the immiscible state. As
shown in the obtained ATR-FTIR spectroscopic images, the appearance and gradual
separation of crystalline PHB-rich domains and crystalline PLA-rich domains indicate the
occurrence and progress of phase separation during the isothermal crystallization process.
The increasing size of these two types of domains in the images and the increasing
absorbance of the v (C=0) band of the crystalline polymers in the spectra, which were
observed simultaneously, both indicate the greater degree of crystallization with increasing
annealing time. The critical temperature for phase separation and crystallization in the
PHB/PLA (50/50) blend is between 150 and 155 °C. Since the faster crystallization rate
leaves less time for amorphous polymers to phase separate, the extent of phase separation in
the blend becomes weaker with decreasing annealing temperature. The degree of

crystallization in the blend components decreases with increasing annealing temperature. [16]

Finally, the mechanism of the isothermal crystallization process in the UCST crystallizable
polymer blend was summarized. Decreasing the annealing temperature is proved to be an
effective method to constrain phase separation between these two blend components and
tailor the final morphology in UCST crystallizable polymer blends for practical applications.
[16]
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Chapter Seven

Visualization of inter- and intramolecular interactions in
PHB/PLA blend during isothermal melt-crystallization
using ATR FTIR spectroscopic imaging
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7. Visualization of inter- and intramolecular
interactions in PHB/PLA blend during
isothermal melt-crystallization using ATR FTIR

spectroscopic imaging

This chapter presents the application of in situ ATR-FTIR spectroscopic imaging to study the
inter- and intramolecular interactions in PHB/PLA blends during isothermal melt-
crystallization. These interactions in multicomponent polymer systems have great effect on
their physical and chemical properties and thus have significant implications on their

synthesis and processing. [17]

In chapter 6, it was found that the peak position of v (C=0) band can reflect the nature of
intermolecular interactions. The peak shift indicates that the intermolecular interactions
between PHB and PLA in the miscible state (1733 cm™) turns to the inter- and intramolecular
interaction (CHs-O=C, 1720 cm™) within PHB crystal during the isothermal melt
crystallization. However, these obtained ATR-FTIR spectroscopic images based on
integrated absorbance can only reveal the spatial distribution of blend components. Thus, in
this chapter, I proposed a novel approach of plotting the peak position of a spectral band to
reflect the spatial distribution of different intra- and intermolecular interactions. The obtained
ATR-FTIR spectroscopic images based on the band position visualized the disappearance of
the intermolecular interaction between PHB and PLA and the appearance of the inter- and

intramolecular interactions within the PHB crystal during isothermal melt-crystallization. [17]

7.1 Motivation and scientific background

PHB is one of the most popular biopolymers derived from microorganisms. Ty of this semi-
crystalline polyester is approximately 4 °C. [120-123] PLA is also a biodegradable semi-
crystalline polyester, which can be derived from chemical synthesis.[75,106] Like PHB, it is
also a widely used biodegradable polymer. The melting temperatures of high molecular

weight PHB and PLA are similar, which are between 170 °C and 180 °C. PHB has a high
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degree of crystallization (approximately 60-70% for the perfect stereo regularity produced by
bacteria) while PLA has a lower degree of crystallization because of its slower rate of
crystallization. In the crystal lamellae of PHB, there is an intermolecular hydrogen bond
between the H atom of CHj3 group and the O atom of C=O group, which can link two
adjacent parallel chains. Although this type of hydrogen bonding is weak, it plays an
important role in chain folding and stabilization of the crystal lamellae. [67,109,132—
134,124-131] It can also affect the polymer process greatly through enhancing the ‘molecular

friction’ in the polymer molecular chain. [17]

Apart from biodegradability and biocompatibility, the properties of PHB/PLA blends can be
controlled by the blend composition, which results in the expansion of applications. It was
reported that in the molten state, PHB/PLA blends with high molecular weight blend
components are inhomogeneous while those with a low molecular weight PLA (My, < 18,000)
are miscible. [6,66,68,84] Because both blend components are semi-crystalline polymers,
PHB/PLA blends crystallize at the temperature below their T. PHB (Mw = 5,000)/PLA (My
= 50,000) blends show UCST curves in the available temperature range. In chapter 6,
simultaneous visualization of crystallization and phase separation in PHB/PLA blends was
realized using in situ ATR-FTIR spectroscopic imaging. The appearance and gradual
separation of crystalline polymer-rich domains were indicated in the time-dependent
spectroscopic images. [16] An important finding in this study is that as phase separation
progresses, the intermolecular interactions between PHB and PLA in the miscible state
change to inter- and intramolecular hydrogen bonds between PHBs in the immiscible state.
Because the position of v (C=0) band in the spectrum reveals the situation of inter- and
intramolecular hydrogen bonds, the change of interactions leads to a unique peak shift of the
v (C=0) band, which cannot be observed in the spectrum of immiscible PHB/PLA blend and
PHB homopolymer.[84] Thus, this chapter aims to visualize the change of intra- and
intermolecular interactions induced by crystallization and phase separation using ATR-FTIR

spectroscopic images based on the band position. [17]

This methodology was invented by Chan et al to observe the crystalline polymorphs of drugs.
[135] After then, Shinzawa et al applied the NIR imaging analysis based on band position
shift to the tablet analysis containing cellulose. [136,137] In this chapter, we attempted to use
ATR-FTIR spectroscopic images based on the band position to analyse inter- and

intramolecular interactions in PHB/PLA blends. Furthermore, through comparing the images
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based on the band position with the images based on the integrated absorbance,
[5,9,15,36,41,138,139] we can demonstrate the potential of ATR-FTIR spectroscopic images
based on the band position as a new method to visualize different types of inter- or
intramolecular interactions. To the best of our knowledge, this work is the first attempt to
visualize different types of inter- or intramolecular interactions between polymer molecules
in the multicomponent polymer system using spectroscopic images based on the band

position. [17]

7.2 Experimental Section
7.2.1 Materials

PHB (My, = 5,000 g/mol, Figure 7.1(a)) and PLA (My = 50,000 g/mol, Figure 7.1(b)) used in
this chapter are the same as those used in Chapter 6. T of these two polymers are 163 and

182 °C, respectively. [17]

#) CHs O
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Figure 7.45 Chemical structures of (a) Poly(3-hydroxybutyrate) (PHB) and (b) Poly(L-
lactide) (PLA). (Source [17])

7.2.2 The preparation of PHB/PLA blend

The process of polymer blend preparation is the same as that described in section 6.2.2 except
the weight ratio of PHB to PLA changes from 50wt%/50wt% to 75wt%/25wt%. The process

of isothermal melt crystallization is the same as that in section 6.2.4. [17]

7.2.3 In situ ATR-FTIR spectroscopic imaging

An Equinox 55 FTIR spectrometer (Bruker Corp.) with a MCT detector was used to measure
the conventional ATR-FTIR spectra of pure PHB and PLA, separately. A Tensor 27 FTIR
spectrometer (Bruker Corp.), as detailed in section 3.2, was applied to measure the ATR-
FTIR spectroscopic images with a FPA detector. A spectral resolution of 4 cm™ and 64 co-
added scans were applied. The obtained spectroscopic images based on integrated absorbance
reveal the changes in spatial distribution and concentration of each component. In terms of

spectroscopic images based on the band position, the wavenumber of maximum absorbance
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in the v (C=0) band region of PHB and PLA for all of the pixels were collected through
MATLAB. Spectroscopic images based on the band position, which can reveal the
distribution of peak positions, were prepared with GraphR. A colour bar from red (high value)
to blue (low value) is placed beside the spectroscopic images. The imaged area is ca. 0.6 x
0.55 mm? with a spatial resolution of ca. 10~12 um. The size of PHB spherulites ranges from

ten to hundreds of micrometres, which depends on the experiment conditions and molecular

weights. [17,140,141]

7.3 Results and discussion

7.3.1 Phase separation and crystallization processes of PHB/PLA
(75/25) blend monitored by spectroscopic images based on the

band position

Figure 7.2 is the phase diagram of PHB/PLA blends (Mwpug = 5,000 and My pLa = 50,000),
which shows the critical temperature for phase separation and crystallization at different
compositions. In this work, the PHB/PLA (75wt%/25wt%) blend with a higher concentration
of PHB was chosen because the v (C=0) band of crystalline PHB is more independent than
that of crystalline PLA. Its critical temperature for phase separation and crystallization is less

than or equal to 145 °C. [16,17]
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Figure 7.46 The phase diagram of PHB/PLA blends (Mwpug = 5,000 and Mw,prLaA =
50,000). (Source [17])

Figure 7.3 is the time-dependent ATR-FTIR spectra in the v (C=O) band region of PHB/PLA
(75/25) blend during isothermal melt crystallization at 145 °C. There are three bands (1720,
1733, and 1756 cm™) in the v (C=0) band region, which are assigned to C=0O stretching
modes of the crystalline PHB (PHB(C)), miscible PHB/PLA blend, and crystalline PLA
(PLA(C)), respectively. It is assumed that amorphous PHB and PLA are intermolecularly
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mixed in the miscible PHB/PLA blend. The absorbance of v (C=0) band of crystalline PLA
is low due to its low concentration and crystallinity. Thus, the research focus of this work is
the v (C=0) band of crystalline PHB. During phase separation and crystallization, the v
(C=0) band at 1733 cm™! ascribed to the miscible state of PHB/PLA blend decreases and then
shifts gradually as a function of time. Finally, it moves to 1720 cm™', which is the v (C=0)
band of crystalline PHB. As a result, the shift of band position indicates the changes of the
status of v (C=0) band during isothermal melt crystallization of PHB/PLA (75/25) blend as a

function of time. [17]
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Figure 7.47 Time-dependent ATR-FTIR spectra of PHB/PLA (75/25) blend during
isothermal melt crystallization at 145 °C. The v (C=0) bands of crystalline PHB
(PHB(C)), miscible PHB/PLA blend, and crystalline PLA (PLA(C)) are 1720, 1733, 1756

cm!, respectively. (Source [17])
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In the previous study, the band position of v (C=0) band does not shift during isothermal
melt crystallization of pure PHB. [84] However, the shift of band position occurs in the v
(C=0) band during isothermal crystallization process of PHB/PLA blends. This reveals that
the intermolecular interaction between PHB and PLA in the miscible state transfers to the
inter- and intramolecular interaction within PHB crystal in the immiscible state. [16]
Therefore, the previous study laid the basis for the application of ATR-FTIR spectroscopic
images based on the band position as an effective method to visualize the changes in these
inter- and intramolecular interactions during the isothermal melt crystallization of PHB/PLA

blends. [17]

Figure 7.4 plots the peak position of the v (C=0) band versus isothermal crystallization time
in PHB/PLA (75/25) blends. It was found that no shift in the peak position occurs after 2
hours, while the increase of absorbance continues. It can be observed that the v (C=0) band
of crystalline PLA appears at 1756 cm™ in the spectra. However, its low absorbance, as
shown in figure 7.3, makes it difficult to analyse the peak shift from the miscible state to PLA
crystalline state. Thus, the analysis of spectroscopic images based on the band position
mainly relies on the v (C=0) band of miscible PHB/PLA blend and crystalline PHB. The v
(C=0) band at 1733 cm™! is assigned to the intermolecular interaction between PHB and PLA
in the miscible state while the v (C=0) band at 1720 cm™ is assigned to the inter- and

intramolecular interactions within the PHB crystal. [17]

141



;eﬁgbth-
miscible ye o ﬁ

\ l
1734 - Jol "‘1
N ) "' .' . n s..“‘bﬁ b
1732 SR l=l=t= A :
P '
£ -
G 110 " L Wavenumber / cm?
~ t=40min s
S 17284
=
vy J
1726 [ ] P
o] - -
3 B t= 80 min 733
o 1724 - (]
Q
o
1722 e
Phase separation T,
1720 4 and crystallization TEErEEEEEEE® 1720
e T T T et Tt t=120 min 1715
0 50 100 150 200 250
time / min

Figure 7.48 ATR-FTIR spectroscopic images generated by plotting the peak position of
the v (C=0) band for the PHB/PLA (75/25) blend during isothermal melt crystallization

at 145 °C as a function of time. The size of each image is 0.6 mm x 0.55 mm. (Source

[17])

7.3.2 Spectroscopic images based on the band position of

PHB/PLA (75/25) blends

Figure 7.5 shows time-dependent spectroscopic images based on v (C=0) band position in
the PHB/PLA (75/25) blend during isothermal melt crystallization at 145 °C. It shows the
time-dependent band position shift of v (C=0) band in each pixel. The range of wavenumber
of all spectroscopic images is the same (maximum (red) is 1745 cm™' and minimum (blue) is
1715 cm™). The obtained spectroscopic images reveal the spatial distribution of the peak
position of the v (C=0) band. In this work, we define the peak position as “the wavenumber
of the band with the greatest absorbance”. Soon after reaching the required isothermal
crystallization temperature, the peak position of nearly all pixels remains at 1733 cm™!, which

reveals that the intermolecular interaction between PHB and PLA appears in the whole
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polymer blend. After 60 minutes, the peak position of the pixels in the right side of imaged
area becomes less than 1733 cm', which indicates the break of the intermolecular interaction
between PHB and PLA. After 120 minutes, the intermolecular interaction between PHB and
PLA, indicated by yellow and yellow green in the spectroscopic images, disappears gradually.
On the other hand, the inter- and intramolecular interaction within PHB crystal, indicated by

blue in the spectroscopic images, start to occur in a larger area. [17]

Wavenumber / cm!

1745

t=0min t=20 min t=40 min t= 50 min t=60min 1733

t=70 min t= 80 min t= 90 min t= 100 min t=120 min

1720

1715

Figure 7.49 Spectroscopic images of the PHB/PLA (75/25) blend generated by plotting
the peak position (from 1745 to 1715 cm™) of the v (C=0) band during isothermal
crystallization process at 145 °C as a function of time. The size of each image is 0.6 mm
% 0.55 mm. (Source [17])

Figure 7.6 shows the spectroscopic images based on integrated absorbance of PHB/PLA
(75/25) blend during the isothermal crystallization process at 145 °C. It was observed that
PHB and PLA are quite miscible in the polymer blend soon after temperature decreases,
which is consistent with the corresponding spectroscopic images based on the band position:
the intermolecular interaction between PHB and PLA appears in the whole polymer blend.
After 120 mins, the spectroscopic images based on integrated absorbance indicate the
occurrence of phase separation, which also agrees with the disappearance of intermolecular

interaction between PHB and PLA indicated in the corresponding spectroscopic images based
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on the band position. Moreover, crystalline PHB-rich domains (Figure 7.6 (120 min)) are in
the same place where the inter- and intramolecular interactions within PHB crystal occur, as
revealed in Figure 7.5 (120 min). These results demonstrate that the spectroscopic images
based on the band position are consistent with the spectroscopic images based on integrated

absorbance. [17]

PLLA

t =0 min t=30 min t =60 min t=90 in t =120 min t =180 min t =240 min

Figure 7.50 ATR-FTIR spectroscopic images of the PHB/PLA (75/25) blend as a
function of time during the isothermal crystallization process at 145 °C. The images
were prepared based on the distribution of integrated absorbance of the v (C=0) band
of PHB crystal (1730-1700 cm’!, top) and that of PLA crystal (1762 -1753 cm™!, bottom).

The size of each image is 0.6 mm % 0.55 mm. (Source [17])

Figure 7.7 shows the time-dependent absorbance change of the v (C=0) band representing
the miscible PHB/PLA blend and crystalline PHB, the peak position of v (C=0O) band of
crystalline PHB, and the second derivatives intensity of v (C=0) band of crystalline PLA.
v (C=0) band of crystalline PLA at 1756 cm™' is obvious but its absorbance is weak because
the concentration of PLA is low. Thus, the 2™ derivative intensity of v (C=0) band of

crystalline PLA at 1756 cm™ is plotted in Figure 7.7. [17]

After temperature decreases to 145 °C, as shown in figure 7.7, the absorbance of the v (C=0)

band at 1733 cm™!, assigned to the miscible PHB/PLA blend, decreases gradually. Meanwhile,
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the v (C=0) band of crystalline PLA appears and the v (C=0) band of miscible PHB/PLA
blend starts to shift to 1720 cm’!. After ca. 80 mins, the absorbance of v (C=0) band of
crystalline PHB at 1720 cm’! starts to increase. Because of the low concentration of PLA in
the PHB/PLA (75/25) blend, v (C=0) band of crystalline PLA appears as a shoulder peak.
The absorbance of v (C=0) band of crystalline PHB starts to increase when the peak shift
nearly completes. In this multicomponent polymer system, the molecular weight of PLA is
larger than that of PHB. Moreover, the crystallization temperature of PLA (~160 °C) is also
higher than that of PHB (~150 °C). Thus, during the isothermal melt crystallization process of
PHB/PLA (75/25) blend at 145 °C, crystalline PLA appear first. [17]
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Figure 7.51 Time-dependent absorbance change of the v (C=0) band assigned to the
miscible PHB/PLA blend and crystalline PHB, second derivatives intensity of v (C=0)
band of crystalline PLA, and peak position of v (C=0) band of crystalline PHB with
spectroscopic images based on the integrated absorbance of the v (C=0) band of

crystalline PHB at 1730-1700 cm™! region (PHB(C)) and that of crystalline PLA at 1762 -
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1753 cm! region (PLA(C)) during the isothermal crystallization process at 145 °C. The

size of each image is 0.6 mm % 0.55 mm. (Source [17])

7.3.3 The comparison between spectroscopic images based on
band position and those based on integrated absorbance of the

same spectral band

In this chapter, spectroscopic images based on band position are compared with those based
on integrated absorbance. As mentioned in section 7.3.2, these two types of spectroscopic
images show a good correspondence during the isothermal melt crystallization of PHB/PLA
blends. Figure 7.8 shows the time-dependent spectroscopic images based on the band position
(Figure 7.8 (a)) and spectroscopic images based on integrated absorbance (Figure 7.8 (b) and
(c)) in the v (C=0) band region of PHB/PLA (75/25) blend during the isothermal melt
crystallization. Comparing these two types of spectroscopic images, the green region of the
spectroscopic image (Figure 7.8(a)) corresponds to the yellow and red regions of
spectroscopic images (Figure 7.8 (b)) at 60 min. After 90 min, the blue region of
spectroscopic images (Figure 7.8 (a)) corresponds to the red region of spectroscopic images
(Figure 7.8 (b)). The appearance of blue regions shown in the spectroscopic images based on
band position reveals the disappearance of intermolecular interactions between PHB and PLA.
This observation agrees with the disappearance of the homogeneous region and the
appearance of the red region, which is shown in the spectroscopic images based on the
integrated absorbance. In the early stage of isothermal melt crystallization, the yellow and red
region in the spectroscopic images based on the integrated absorbance of v (C=0) band of
crystalline PHB correspond to the light blue and blue region shown in the spectroscopic

images based on band position, respectively. [17]

Compared with PHB/PLA (50wt%/50wt%) blends investigated in chapter 6, the morphology
of PHB/PLA (75wt%/25wt%) blends after isothermal melt crystallization for 6 hours is
slightly different. A 3D continuous phase: sea-island structure with crystalline PHB and

crystalline PLA was observed in the spectroscopic image. [17]
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Figure 7.52 ATR-FTIR spectroscopic images of PHB/PLA (75/25) blends during the
isothermal crystallization process at 145 °C as a function of time. The spectroscopic
images based on the band position (a) and those based on the integrated absorbance
were prepared by v (C=0) band region between 1730 -1700 cm™! for crystalline PHB (b)
and that between 1762 -1753 cm™! for crystalline PLA (c), respectively. The size of each

image is 0.6 mm % 0.55 mm. (Source [17])

7.3.4 The feasibility of spectroscopic images based on the band
position to investigate the isothermal melt crystallization of

PHB/PLA blends at different temperatures

The isothermal melt crystallization of PHB/PLA blends at 140 “C was investigated in order to
demonstrate that the spectroscopic images based on the band position are feasible to
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investigate this type of process at different temperatures. Figure 7.9 shows the spectroscopic
images based on the band position and spectroscopic images based on the integrated
absorbance of the v (C=0) band of crystalline PHB during isothermal melt crystallization in
PHB/PLA blends at 140 °C. The disappearance of intermolecular interaction between PHB
and PLA, indicated by fewer pixels with yellow and yellow green in the corresponding
spectroscopic image based on the band position (figure 7.9 (a)). The appearance of the inter-
and intramolecular interactions within PHB crystal, indicated by more pixels with blue colour
in the spectroscopic images based on the band position (figure 7.9 (a)), was found to be
consistent with the appearance of crystalline PHB-rich domains in the corresponding
spectroscopic images based on the integrated absorbance (figure 7.9 (b)). These results
demonstrate that spectroscopic images based on the band position and spectroscopic images
based on the integrated absorbance show a good correspondence and can be applied to
visualize the intra- and intermolecular interactions when investigating the isothermal melt

crystallization at different temperatures. [17]

.

t=20 min t=40 min t=70 min t=120 min t= 180 min

Figure 7.53 (a) ATR-FTIR spectroscopic images based on the peak position of the v
(C=0) band ; (b) ATR-FTIR spectroscopic images based on the integrated absorbance
of the v (C=0) band of crystalline PHB (1730-1700 ¢cm™') during the isothermal melt
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crystallization at 140 °C in the PHB/PLA (75/25) blend as a function of time. The size of

each image is 0.6 mm x 0.55 mm. (Source [17])

7.4 Conclusion

The inter- and intramolecular interactions occurring within polymer blends have great effect
on their physical and chemical properties as well as their synthesis and processing. The
conventional ATR-FTIR spectroscopic images based on integrated absorbance can reveal the
distribution of different blend components but they cannot indicate the areas where the
intermolecular interactions occur. Thus, a novel technique, the spectroscopic image based on
the band position was introduced in this chapter in order to highlight these areas. The v (C=0)
band shift in the ATR-FTIR spectra during the isothermal melt crystallization indicates the
change in intra- and intermolecular interactions in PHB/PLA blends. As a result, the
spectroscopic images based on the band position were prepared in this chapter to visualize the
distribution of different intra- and intermolecular interactions in PHB/PLA blends during the
isothermal melt crystallization. The disappearance of intermolecular interactions between
PHB and PLA, which is shown in the spectroscopic images based on band position, agrees
with the disappearance of homogeneous region shown in the corresponding spectroscopic
images based on the integrated absorbance. The appearance of the inter- and intramolecular
interactions within PHB crystal, which is also shown in the spectroscopic images based on
the band position, agrees with the appearance of crystalline PHB-rich domains in the
corresponding spectroscopic images based on the integrated absorbance. This is the first time
that the change of inter- and intramolecular interactions in the polymer blend has been
visualized with the spectroscopic images based on the band position. Compared with the
spectroscopic images based on the integrated absorbance, the direct observation of
intermolecular interactions based on band shift can provide the specific information about the
strength of interactions. This study proves that the spectroscopic images based on the band
position can provide more information about the spatial distribution of different intra- and
intermolecular interactions in the polymer blends and their changes induced by different

perturbations, such as pressure, temperature, concentration and pH. [17]
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Chapter Eight

Conclusion



8. Conclusion

8.1 Overall summary

1. The study of phase separation in LCST polymer blends under high-pressure CO> can
provide an insight to their physical properties. Thus, this thesis first reports the study on
visualization of the dynamic processes of phase separation in PCL/PLA blend under high-
pressure CO» using in situ high-pressure ATR-FTIR spectroscopic imaging. The obtained
ATR-FTIR spectroscopic images indicate that phase separation occurs in PCL/PLA blends
with increasing temperature or under high-pressure CO>. The change in the morphology of
PCL/PLA blends, revealed by the ATR-FTIR spectroscopic images, can be applied to
compare the extent of phase separation in this blend under different conditions. From this
work, it is found that the extent of phase separation in PCL/PLA blends under high-pressure
CO; is enhanced with increasing exposure time, CO> pressure and temperature. Finally, it
was found that phase separation in this blend under high-pressure CO; is spinodal
decomposition process before the equilibrium and nucleation & growth process after the
equilibrium reached. This pioneering methodology opens possibilities to visualize the process

of phase separation in LCST polymer blends. [9]

2. Exposing polymers to high-pressure CO; benefits polymer processing. As a result, ATR-
FTIR spectroscopic images of PCL/PLA blends with or without high-pressure CO> were
analysed using 2D correlation analysis and 2D disrelation mapping. The relatively weak
dipole-dipole inter- and intramolecular interactions between polymer molecules were studied
through 2D disrelation maps for the first time. With the specially designed PCL/PLA
interface, the interactions between the same type of polymer molecules and different types of
polymer molecules were distinguished. Under high-pressure COz, the number of all these
three types of interactions: interaction between PCL and PLA, interaction between PCL and
PCL as well as interaction between PLA and PLA decreases compared with that in the
PCL/PLA interface before exposure to high-pressure CO. The induced increase in the Flory
interaction parameter is the main reason for the occurrence of phase separation in the
PCL/PLA blend under exposure to high-pressure CO», as described above. The findings of

this work will benefit polymer processing with high-pressure and supercritical CO». [15]
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3. The investigation of phase separation and crystallization in biopolymer blends is an
important aspect of biopolymer processing. In this thesis, ATR-FTIR spectroscopic imaging
was applied to visualize the process of crystallization and phase separation of PHB/PLA
blends simultaneously in situ. The peak shift of the v(C=0) band of PHB during the
isothermal crystallization process indicated a transformation of the intermolecular interaction
between PHB and PLA in the miscible state to the inter- and intramolecular interactions
between PHBs in the immiscible state. The whole dynamic process of phase separation can
be revealed by the appearance and gradual separation of crystalline PHB-rich domains and
crystalline PLA-rich domains in the obtained ATR-FTIR spectroscopic images. As the
isothermal melt crystallization progresses, the larger size of crystalline polymer-rich domains
and the increasing integrated absorbance of the v(C=0) band of crystalline polymers both
indicate the increasing crystallinity in the polymer blend, which agrees with the isothermal
crystallization process of pure polymers. It was also found that increasing isothermal
crystallization temperature can enhance the extent of phase separation between crystalline
PHB-rich domains and crystalline PLA-rich domains. It is because the process of
crystallization slows down with higher annealing temperature, which leaves more time for
phase separation. Crystallinity in PHB/PLA blends decreases with increasing isothermal
crystallization temperature, which also agrees with that of pure polymers. At last, a new
proposal for the mechanism of phase separation and crystallization in the UCST polymer
blend system was discussed. It can be concluded that reducing the annealing temperature is
an effective way to restrict the phase separation and thus control the final morphology in the

UCST crystallizable polymer blends. [16]

4. The inter- and intramolecular interactions occurring within polymer blends have great
effect on their physical and chemical properties as well as their synthesis and processing. [80]
In this project, spectroscopic images were produced through plotting the peak position of a
spectral band from the datasets generated by in-situ ATR-FTIR spectroscopic imaging. This
method has been successfully applied to visualize changes in intra- and intermolecular
interactions in PHB/PLA blends during the isothermal melt crystallization. This is because
the peak position of v (C=0) band can reflect the intra- and intermolecular interactions in
PHB/PLA blends. The disappearance of intermolecular interactions between PHB and PLA
and the appearance of the inter- and intramolecular interactions within PHB crystal were both
visualized using the spectroscopic images based on the band position. This work shows the

potential of spectroscopic images based on the band position to visualize different types of
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intra- and intermolecular interactions between polymer molecules or between polymer and

other additives in various types of multicomponent polymer systems. [17]

This thesis summarises the application of FTIR spectroscopy and spectroscopic imaging for
the analysis of different polymer systems during my whole PhD study. The FTIR
spectroscopic approaches developed in this project are suitable for the study of other
homopolymers and multicomponent polymer systems. The application of spectroscopic
techniques in polymer research is by no means exhausted and many emerging research fields
exist to develop novel applications. A more thorough understanding of many types of
polymer systems can reveal a wealth of information about polymer processing applications,
such as drying, impregnation, extraction, blending and dyeing, both with or without high-
pressure CO,. The knowledge gained from these systems utilising lab-sized experiments can

be applied on a larger scale, such as design novel processing routes.

8.2 Recommendations for future work

The main objective of this thesis is to demonstrate further the use of ATR-FTIR spectroscopy
and ATR-FTIR spectroscopic imaging as a valuable analytical approach to investigate
biopolymers and multicomponent biopolymer system. This research can also serve as the
useful platform for the future development in this field. Investigation of the morphology,
interaction and crystallization of biopolymers and multicomponent biopolymer system with
and without high-pressure CO; can aid the design of biopolymer products and biopolymer
process, which can establish the ATR-FTIR spectroscopy and spectroscopic imaging as a

reliable technique for industrial applications.

Exciting opportunities exist for further investigation based on this work. Some
recommendations for a continuation of the research described in this thesis are outlined in the

following points.

1. ATR-FTIR spectroscopic imaging can be used to visualize phase separation in other LSCT
polymer blend systems apart from PCL/PLA blends and interdiffusion in UCST polymer
blends such as PHB/PLA blends.
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2. Two different exploratory approaches could be used for the future research of the
morphology and crystallization of biopolymers and multicomponent biopolymer system with
and without high-pressure CO,. One is a ‘depth’ based study. Biopolymers with different
chain structure (grafted, network, hyperbranched and so on), polymer isomerism (sequence
isomerism, stereoisomerism and structural isomerism), strength of Lewis base functional
groups (soft and hard), degree of crosslinking and degree of branching can be investigated.
The other one is a “breadth” based study. The effect of external stress, dispersant (making the
distribution of polymers more evenly in supercritical fluids), modifier (enhancing the
solubility of polymer in high-pressure CO») and treatment time during polymer processing on
biopolymers and multicomponent biopolymer system under high-pressure and supercritical

CO3 can be explored.

3. The application of ATR-FTIR spectroscopy to study unsaturated polyketone with different
concentration of carbonyl groups under high-pressure CO; represents an exciting new use for
this technology. [28] However, some advancements could be made to further this study. For
instance, polyketone/polyethylene glycol (PEG) blends under high-pressure CO> can be
investigated. The hydroxyl-carbonyl, carbonyl-carbonyl and carbonyl-CO> interactions need
to distinguish by preparing polyketone/PEG interfaces. The swelling and CO> sorption of this
blend with different compositions can be investigated and compared with those of pure
polyketone. The main challenge of this investigation is that polyketone is difficult to mix
homogeneously with PEG so that the weight ratio of polyketone to PEG is not exactly 50:50

in the polymer blend sample, which affects the obtained results.

4. Finally, the use of ATR-FTIR spectroscopy and spectroscopic imaging with other
analytical methods can aid this study. Comparing the obtained results from this work with
other established analytical approaches, such as X-ray diffraction (XRD), differential
scanning calorimetry (DSC) and so on, can provide more valuable information to supplement

and improve this work.
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