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Abstract

Inkjet printing (jetting) technology, due to its high speed of operation and accuracy,
is utilised in Additive Manufacturing (AM) of three dimensional parts. Commercially
available AM processes that use jetting technology include three dimensional
printing (3DP by Z-Corporation), Polyjet (by Objet), Multi — Jet Modelling (MJM by
3D Systems) and three dimensional printing by Solidscape. Apart from 3D Printing
by Z-corporation, all the other jetting based processes require a support material to
successfully build a part. The support material provides a base to facilitate the
removal of the part from the build platform and it helps manufacturing of cavities,
holes and overhanging features. These support materials present challenges in
terms of their removability and reusability. This research is therefore, aimed
towards finding a support material composition that can be used with jetting based
AM processes. The support material should be easily removable either by melting

or by dissolution and also, if possible, it should be reusable.

AM processes often process materials with poor mechanical properties and
therefore, the parts produced by these processes have limited functionality. In an
attempt to obtain complex shaped, functional parts made of nylon (i.e. Polyamide
6), a new jetting based AM process is under research at Loughborough University.
The process uses two different mixtures of caprolactam (i.e. the monomer used to
produce polyamide). These mixtures are to be jetted using inkjet heads and
subsequently polymerised into polyamide 6. Therefore, another aim of this research

was to consider the support material’s suitability for jetting of caprolactam.

Two different polymers were researched which included Pluronic F-127 and
methylcellulose (MC). Both these polymers are known for gel formation upon
heating in aqueous solutions. Due to the inhibition of polymerisation of polyamide 6
by the presence of water, non-aqueous solvents such as ethylene glycol, propylene
glycol and butylene glycol were studied. Since both F-127 and MC in the glycols
mentioned above had not been studied before, all the compositions prepared and
investigated in this report were novel. F-127 did not show gel formation in propylene
and butylene glycol but formed a gel in ethylene glycol at a concentration of 25%
(w/w) F-127. MC, on the other hand, showed gel formation upon cooling in all the

three glycols at concentrations as low as 5% for ethylene glycol and 1% for both



propylene and butylene glycol. These compositions were characterised using
experimental techniques such as Fourier Transform Infrared (FTIR) spectroscopy,
hot stage microscopy, differential scanning calorimetry (DSC) and X-ray diffraction
(XRD). A mechanism of gelation for both F-127 and MC in glycols is presented

based on the results of these characterisation techniques.

Viscosity and surface tension measurements along with the texture analysis of
selected compositions were also performed to evaluate their suitability for jetting. All
these compositions, due to their water solubility and/or low melting temperatures
(i.e. near 50°C) present the advantage of ease of removal. Removal by melting at
low temperatures can also provide reusability of these support materials and thus
advantages such as reduction in build cost and environmental effect can be
achieved.

Keywords: Support Material, Additive Manufacturing, Jetting, Pluronic F-127,

Methylcellulose, Thermal Gel Formation, Non-Aqueous Solvents.
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1 Introduction

1.1 Scope of Research

Additive manufacturing (AM) encompasses a set of technologies/processes
capable of producing complex 3 dimensional shapes directly from computer aided
design (CAD) data, typically in a layer by layer manner. A variety of processes are
commercially available that come under the umbrella of AM. These include
processes such as stereolithography (SL), selective laser sintering (SLS), fused
deposition modelling (FDM), three dimensional printing (3DP), polyjet and multijet
modelling (MJM). All the AM processes can be categorized in different ways. A
common method is to classify the commercially available AM processes based on
the state of raw material used [1]. According to this classification, AM processes

have been categorised into the following three categories [1]:

1. Liquid based (e.g. SL and PolyJet)
2. Powder based (e.g. SLS and 3DP)
3. Solid based (e.g. FDM and MJM)

Another classification of AM processes is based on the technology used to build
the part [2] such as lasers (SL, SLS), extrusion (FDM) and jetting (PolyJet, MJM,
3DP). Processes such as SL, SLS and FDM are well established and have mainly
been the focus of research, but jetting based processes have gained attention in
the past few years and have been researched and used extensively due to their
accuracy, resolution, relatively low cost and high processing speed [2,3]. Similar to
other processes, the materials used by jetting based processes are limited and the
main drawback of these processes is the material properties of the parts [1]. As
with other AM processes, jetting based processes such as PolyJet and MJM
require support materials. The support material not only ensures the fabrication of
overhanging features, cavities and holes, it also facilitates the removal of the part
from the build platform after completion. Removal of support material can be a
tedious job especially from parts having features with fine details. Typical removal
methods include manual breaking, dissolution in a solvent such as water or
melting by raising the temperature. A common problem with these support

materials is that their removal results in “withess marks” on the surfaces to which



they are attached [2]. Also, none of the commercially available support materials
for jetting based processes can be reused. Therefore, a support material which
can support the layers of build material when they are being deposited and is soft
enough to be removed easily without leaving any marks on the part surfaces is
important for jetting based AM processes. Also, if the support material is reusable,
not only it will reduce the cost of the build, the environmental effect will also be
reduced. Therefore, this report presents the research carried out to find novel
compositions which can be used as support materials for jetting based AM

processes. The objectives for this research were as follows:

e Determine/prepare polymeric compositions which can form soft solids/gels
and can be easily soluble in a solvent and/or easily melt-able (i.e. at low
temperatures).

e Investigate the behaviour of compositions at different temperatures to
determine a suitable working temperature limit.

e Explain the phenomenon that lead to formation and melting of gels to get
a better understanding of gels. This will help in enhancing the
compositions according to the specific requirements of the jetting
processes.

¢ Determine the jettability of possible compositions by measuring viscosity
and surface tension at a temperature suitable for commercially available

print heads.

A parallel research project involving a novel process of jetting of caprolactam is
also being carried out at Loughborough University [4,5]. This process involves
jetting of caprolactam and subsequent polymerisation into polyamide 6 to build
three dimensional parts. The polymerisation of caprolactam into polyamide 6 takes
place at temperatures = 150°C [5]. Therefore, another objective was to investigate
the suitability of the support material for jetting of caprolactam. The challenge with
respect to jetting of caprolactam was to find a material which can support layers of
caprolactam/polyamide 6 at higher temperatures (i.e. 150°C or above) without

affecting the polymerisation process.



1.2 Organisation of Thesis

This thesis is organized into 7 chapters. Chapter 1 presents an introduction to the
project and outlines the objectives of the research. A detailed literature review
related to the research carried out in this report is presented in Chapter 2. The
details of different materials and the experimental techniques used in this project
are presented in Chapter 3. In Chapter 4, heating/cooling results related to
different compositions of Pluronic F-127 in solvents such as water, formamide,
octanol and a variety of glycols are presented. Techniques such as Fourier
Transform Infrared (FTIR) spectroscopy, hot stage microscopy and differential
scanning calorimetry (DSC) for F-127 in ethylene glycol are discussed. Chapter 5
discusses binary compositions of cellulose ethers (methylcellulose and
hydroxypropyl methylcellulose) in water and in ethylene glycol. Methylcellulose
(MC) was further studied in propylene glycol and butylene glycol and a detailed
discussion of results is presented. Results related to ternary compositions
comprising of MC, glycol (propylene or butylene) and low concentrations of water
(between 2 — 20%, w/w) are presented in chapter 6. The jettability of selected
compositions using viscosity and surface tension measurements is also discussed
in this chapter. Finally, chapter 7 presents conclusions and provides

recommendations for future work.



2 Literature Review

2.1 Introduction to Inkjet Printing

Phenomena that apply to inkjet printing have been observed for the last 200 years
but the industrial applications were developed in the late 1970’s [6]. The earliest
work carried out relating to inkjet technology is attributed to Plateau (1856) who
studied the relationship of jet diameter to drop size and frequency and Lord
Raleigh (1878) who investigated the instability of jets and described the
mechanism of breaking up of a liquid stream into droplets [7]. Since then,
continuous development of the technology in terms of reduced cost, increased
speed and resolution along with colour printing capabilities have led to a wide
variety of inkjet printing systems for home, office and industrial applications by
manufacturers such as Canon, HP, Xerox, 3M, Imation, Tektronix, Dataproducts
and Spectra [7]. The technology can be broadly classified into two categories as

follows (Figure 2-1):

1. Continuous Inkjet Printing (CIJ)
2. Drop-on-Demand Inkjet Printing (DOD)

Inkjet Printing
[
I |
Continuous Inkjet Drop-on-Demand Inkjet
Printing (ClJ) Printing (DOD)
I
I I
Binary Multiple
Deflection Deflection
Swvstem System
| Thermal | I Electrostatic I I Piezoelectrc I | Acoustic I

Sgueeze Bend Push Shear

Figure 2-1. Inkjet printing classification (inspired by [7])
2.1.1 Continuous Inkjet Printing

Continuous inkjet printing (Figure 2-2.a) involves sending a steady stream of

droplets onto the substrate surface at a controlled rate. The stream of drops is



produced and controlled by the vibration of a piezoelectric crystal inside the head
which is capable of producing hundreds of thousands of drops per second [6]. A
waveform signal generation system is used to stimulate and vibrate the
piezoelement at a specific frequency and this vibration of the piezoelement
creates a pressure wave in the chamber where the ink is held. This pressure wave
forces the ink out through a nozzle, creating a stream of droplets. This stream is
then allowed to strike a substrate surface to achieve the desired print. When the
droplets are not needed to strike the substrate during printing, they are deflected
towards a gutter by the application of two electrostatically charged deflection
plates (Figure 2-2.a). The ink collected in the gutter can then be recycled to print
on the substrate. The stream of droplets can be deflected onto the substrate by

either the binary-deflection system or multiple-deflection system.

In the binary deflection system (Figure 2-2.b), the droplets are either charged or
uncharged with only the charged droplets allowed to reach the substrate and the
uncharged droplets are collected for recirculation [7]. In the multiple-deflection
system (Figure 2-2.c), the droplets are charged and deflected towards the

substrate at different levels allowing a single nozzle to print a small strip [7].
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2.1.2 Drop-on-Demand Inkjet Printing

Drop-on-demand (DoD) inkjet printing, shown in Figure 2-3 operates by sending
an input signal to force the drop of ink through the nozzle only when it is needed
(i.e. demand). Since the drops are only generated when they are needed, there is
no need for the additional units for deflection, collection and recirculation making
the system simple compared with the continuous inkjet system. The liquid ink
resists flow from the nozzle by the meniscus surface tension as it is supplied to the
head at a very low pressure [9]. A voltage signal is used to force the drop of ink to

overcome the surface tension and viscous forces of the ink within the nozzle.

Driver Input
Signal

e
Ink at Ambient Pressure

@,\

Nozzle
)
@ Substrate
o o o @

Substrate Motion

Figure 2-3. Operation of Drop on Demand Inkjet Printing [8]

DoD can be categorized on the basis of the actuation system into four types
[7,10]:

1. Electrostatic
2. Acoustic
3. Thermal

4. Piezoelectric
2.1.2.1 Electrostatic Inkjet Printing
In Electrostatic inkjet printing, an electric field is applied between the inkjet head
comprising of stylus electrodes and an opposite electrode which is behind the

substrate. The application of an electric field causes the ink to fly towards the

substrate from the head and thus print [11].



2.1.2.2 Acoustic Inkjet Printing

Acoustic inkjet printing involves the formation of ink droplets by the use of acoustic
waves. The drops of ink are produced and subsequently printed on a substrate by
applying focused acoustic energy on the surface of the ink through a polyamide
membrane [12]. A laser source is typically used for the purpose of producing
acoustic energy which is then focused using lenses [13].

2.1.2.3 Thermal Inkjet Printing

Thermal inkjet printing is considered the most successful printing method currently
available [7]. It is based on using heat energy to produce droplets. An electric
voltage is applied to a heating resistor (usually a resistive layer) in contact with the
water based ink. The applied voltage causes the resistor to heat up which in turn
heats and vaporizes the water to form a bubble in the ink forcing a droplet of ink to

flow out of the nozzle.

2.1.2.4 Piezoelectric Inkjet Printing

Piezoelectric inkjet printing is also a very commonly used system. It is based on
the mechanical displacement of the ink within the ink chamber to produce the
droplets [14]. A polarized piezoceramic element is used which changes shape or
volume by the application of an electric field. A voltage signal is applied to produce
the electric field which causes the deformation or displacement of the
piezoceramic element. This deformation causes a compression of ink in the
chamber leading to the flow of a droplet from the nozzle. The change in the shape

or volume of the element is dependent upon the direction of applied electric field.

Depending upon how the piezoceramic is deformed, the piezoelectric inkjet head

can be categorized into the following four types [7]:

Squeeze , Compression of piezoceramic element by the application of voltage

Mode " causes drop ejection (Figure 2-4.a)
Bend . Bulging of piezoceramic element by the application of voltage
Mode " causes drop ejection (Figure 2-4.b)
Push . Expansion of piezoceramic element by the application of voltage
Mode " causes drop ejection (Figure 2-4.c)

The voltage signal is applied orthogonally to the piezoceramic wall
Shear . . . . .
Mode free to reciprocate in a direction transverse to the ink chamber

(Figure 2-4.d)
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2.2 Jetting Materials

A wide variety of materials have been printed using inkjet technology. These
materials include polymers (both thermoset and thermoplastic), organic solvents,
ceramic suspensions, nanoparticle based materials, sol-gel materials, molten
metals and biological materials (DNA and protein arrays). Properties of the jetted
material such as surface tension and viscosity along with the molecular weight and
concentration of the polymer (in the case of polymer suspensions or solutions) are
important parameters in deciding the final quality of print and these must be

matched to the performance of a specified printer (i.e. printhead) [17].

The behaviour of a fluid where it shows a linear relationship between the applied
shear stress and the rate of deformation (i.e. constant viscosity at all shear stress
values) is called Newtonian behaviour. Whereas, if the fluid shows a non-linear
behaviour between the applied shear stress and the deformation rate (i.e. change
of viscosity with increased stress), then this behaviour is known as Non-Newtonian
behaviour (Figure 2-5). Ideally, but not strictly, Newtonian behaviour is required
whereas viscoelastic behaviour creates significant performance problems during
jetting [18].
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Figure 2-5. Newtonian and Non-Newtonian Behaviour of Fluids [19]

If the viscosity is decreased by increasing the stress, the behaviour is termed as
pseudoplastic (shear thinning) whereas, if the viscosity is increased by increasing
the stress, the behaviour is termed as dilatant (shear thickening) [19]. If shear
stress on a fluid element is represented by t and the resulting rate of deformation

by (du/dy) then:

For Newtonian Fluid: T = u (du/dy)
For Non-Newtonian Fluid: 1t = k(du/dy)" = n(du/dy)
n = k(du/dy)™
Where p represents the kinematic (or dynamic) viscosity, k is the consistency
index, n is the flow behaviour index and n represents the apparent viscosity. Note
that n = 1 and n = u for Newtonian fluids whereas n < 1 for pseudoplastic fluids

and n > 1 for dilatant fluids [19].

During inkjet printing, polymer solutions and suspensions behave as dilatant fluids
[20,21]. In inkjet printing, polymer solutions and suspensions also show
viscoelastic behaviour which is characterized by a partial return to the original
shape after the stress is released. The increase in viscosity of a fluid due to
applied stress is also termed as strain hardening [22,23]. The increase in the
viscosity of polymer solutions and suspensions is attributed to the clustering of
particles in the solution. Increased concentration reduces the interparticle
distances (i.e. increased clustering) which results in strain hardening of the
solution [23]. For jetting, typical viscosity values range between 0.5 — 40 mPa.s

whereas the surface tension values range between 20-70 mN/m [18]. Polymer



solutions with molecular weights ranging from 0.5x10° to 6x10° Da and
concentration ranging from 0-200 ppm (of the order of few percent by volume)
have been jetted [21,22,24]. For suspensions, it is generally considered best to
use a particle size of less than 5% of the nozzle diameter [18,25].

2.3 Applications

Inkjet printing finds its applications in a wide range of areas including office/home,
industrial, electronics, textile, bio-medical and additive manufacturing [7]. A brief
discussion of these applications is presented next and due to its relevance to this
report, inkjet printing applications in additive manufacturing will be discussed in

detail in a later section (i.e. section 2.4).
2.3.1 Office/Home

This application area of inkjet printers is considered as “one of the largest users of
desktop printers” and “the most rapidly growing market” for inkjet printers [6]. Fax
machines, office documents, letters, posters, overhead presentations,
presentation handouts are a few examples of inkjet applications in home and

office printing.
2.3.2 Industrial

Inkjet printing was used in industrial application before the home and office
applications. Industrial applications mainly include package printing, bar code
printing, short run colour graphics on paper, plastic and board [26]. Printing on
glass, especially for automotive applications, is another major industrial application
[27]. Decoration of ceramic tiles using inkjet printing [28] and fabrication of
refractive microlenses on glass substrates using inkjet printing have also been
reported [29,30].

2.3.3 Electronics

Electronic applications of inkjet printhg are very recent and include printing
(manufacturing) of printed circuit boards (PCB), polymer light emitting diodes
(PLED), colour filters for liquid crystal display (LCD) and organic thin film
transistors (OTFT) [21,31-33]. Due to the ability of patterning high-purity
electrically functional materials without the need of a mask, inkjet technology is

considered to play an important role in printed electronics manufacturing [34].
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Pixel printing for organic light emitting diodes (OLED) is one of the most extensive
applications of inkjet technology [32]. Electrically conductive patterns of carbon
nanotubes (CNTs) have also been successfully printed on paper and plastic
surfaces [35,36]. Membrane electrode assemblies (MEAs) for polymer electrolyte
membrane fuel cells (PEMFCs) have also been fabricated using an office/lhome

type inkjet printer [37,38].
2.3.4 Textile

Applications related to printing of carpets using inkjet technologies were one of the
earliest applications of the technology and date back to the early 1970’s [39,40].
Due to the elimination of set up cost associated with conventional textile printing,
inkjet technology is considered suitable for cost-effective short run production with
the other potential advantage being the ability to print repeated patterns [41].
Standard inkjet heads are employed in textile applications leading to advantages
such as lower parts/maintenance costs and easier handling with improved
property inks for a variety of textile substrates (fabrics) [39]. Inkjet printing was
applied on cotton and satisfactory results were found [42]. Various projects in
Europe, USA and Japan are targeted towards development of a full size textile
printer to replace existing conventional systems [40]. However, a variety of
companies including Stork, Canon, Toxot, DuPont and Seiren have commercial
inkjet printers for textile printing which can be used for sampling and short

run/customized production [7,39,40].
2.3.5 Medical/Bio-Medical

Inkjet printing of proteins and DNA has been of interest for the last two decades
and commercial inkjet printers have been used to print high density DNA micro-
arrays without molecular degradation [43,44]. Microscale patterning of different
biological materials including proteins, monofunctional acrylate esters, sinapinic
acid, DNA and multiwalled carbon nanotube/DNA hybrid composite was
successfully demonstrated [45] and biologically active proteins were used to print
cellular patterns of varying complexity using inkjet printing [46]. Three dimensional
tissue engineered scaffolds (cylindrical nerve conduits) have also been printed
using inkjet technology [47] and three dimensional tubular and shell structures of

human cells have been printed using a specialized inkjet printer [48].
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Another relatively new and expanding application area of inkjet technology is in
drug development [49,50]. Inkjet technology is considered advantageous in drug
development applications due to its ability to print small drops (in picoliters)
without any physical contact and with high dispensing speed [51]. Three
dimensional printing (based on inkjet printing) of oral dosage forms (tablets) with

complex release profiles has been successfully performed [52].
2.4 Additive (Rapid) Manufacturing

Additive manufacturing (AM) is based on building accurate profiles in an additive,
layer by layer manner to achieve a desired three dimensional shape without the
need of any machining [53,54] and is defined as follows [1]:

“The use of computer aided design (CAD) based automated additive
manufacturing process to construct parts that are used directly as finished

products or components.”

A variety of commercial inkjet printing based additive manufacturing systems are
available from 3D Systems, Z Corporation, Solidscape and Objet Geometries
[7,8,55]. These systems can be categorised in two main configurations: a build up
method and a bonding method [56].

In the build up method, the raw material in the form of liquid (a solution or
suspended micro/nano particles) is directly printed using the inkjet head. Whereas,
in the bonding method, the inkjet head deposits binder material on a powder bed

to selectively bind the powder and build a part.

Ceramic printing using inkjet printing has found increased attention over the past
few years [49] and both continuous and drop-on-demand inkjet printing
technologies have been successfully used to print ceramic three dimensional
structures [57-62]. Polymers [63-67], along with waxes [68-70], metals [25,71-73]
and water based [74,75] three dimensional structures have been successfully

printed using inkjet technology.

As the focus of this report is related to inkjet based Additive Manufacturing (AM)
processes, the following sections present an introduction to commercially available

inkjet technology based Additive Manufacturing processes.
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2.4.1 Three Dimensional Printing (3DP)

Developed at Massachusetts Institute of Technology (MIT) and licensed to Z
Corporation, this process uses an inkjet printhead to deposit a liquid binder that
solidifies layers of powdered material. Two types of materials are used including

starch based and plaster based materials [1].
2.4.1.1 Process Description

The process starts by filling the feed box with powder. The binder is held in a
cartridge in the machine. To start the build, the build piston moves down by one
layer thickness (i.e. along the z-axis) and the feed piston rises to present the
amount of powder suitable to completely fill one layer thickness in the build
chamber. This powder is then moved to the build chamber using a scraper which
sweeps the powder from the feed chamber to the build chamber. Excess powder
is swept down to an overflow chute and this powder can then be reused in
subsequent builds. After the layer of powder is deposited, an inkjet head assembly
(Figure 2-6), mounted on a carriage, traverses over the build chamber along the x
and y axes to deposit a liquid binder on top of the layer of the powder using a
raster-like mechanism. For monochrome printing, only one print head is used
whereas for full colour printing multiple heads (i.e. up to 5) are used. This binder
material joins the desired particles in each layer. After a layer is bonded
successfully, the piston supporting the powder bed lowers so that the next layer of
powder can be spread and selectively joined. The process continues to deposit
the successive layers until the desired geometry is completed. Typical layer
thickness ranges between 0.080-0.250 mm. The process is very fast compared
with other AM processes and can produce coloured parts using a 24-bit colour
palette. Since the powder material surrounds the part, the parts are produced
without any support structures. Built parts are usually fragile and infiltration can be
used to improve the strength [1,76,77].

Other advantages include cheap build materials and reusability of powder (i.e. the
powder that is not printed during build). Disadvantages of the process include poor
surface finish, more limited materials and weaker parts compared with other

processes [76-82].
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Figure 2-6. Schematic illustration of 3DP process (inspired by [79])

2.4.2 Multi-Jet Modelling (MJM™)

MJM™ was introduced by 3D Systems and is considered a “concept modeller”
process [79,80]. It is based on the principle of thermal phase change inkjet printing
in which a solid, wax based ink is melted and subsequently ejected from a set of
nozzles to form the desired object as the wax is solidified. It utilizes a print head

comprising a large number of jets (nozzles) to deposit successive layers of the

molten wax to build a three dimensional part.

2.4.2.1 Process Description

A wax billet is loaded inside the machine, into a reservoir. The wax is kept molten
in the reservoir and is fed using a siphoning technique to the inkjet head. To start
a build, the inkjet head traverses along the x-axis to deposit droplets of molten
wax which are solidified after being jetted. If the width of the part is greater than
the width of the inkjet head, the platform moves along the y-axis and the inkjet
head again traverses along the x-axis so that the cross section can be completed.
After each layer, the platform moves downwards relative to the inkjet head (i.e. in

the z-axis) so that the next layer can be printed (Figure 2-7). Typical layer
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thickness ranges between 0.04 — 0.10 mm. Support structures are required not
only to support overhangs and cavities, but also to facilitate the removal of the part
form the platform. Therefore, the first few layers built are used as support
structures, which are very thin strands of the same wax material used to build the
part. These supports can be easily removed by breaking away when the part is
completely built [76,77,79-81,83].

Apart from the advantage of the high speed building of parts, the process provides
an added advantage of being office friendly due to its simple operation and
cleanliness as no post curing of the part is required. Disadvantages of the process
include limited materials (i.e. only waxes can be printed), weak mechanical
properties of the parts and poor surface finish on the down facing surfaces due to
support structures [76,77,79-81,83,84].
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Figure 2-7. Schematic illustration of Multi-Jet Modelling [85]

2.4.3 PolyJet™

Patented by Objet Geometries Inc., PolyJet™

is also based on inkjet printing but,
it uses acrylic-based photopolymer materials rather than the hot melt ink used in
MJM [83]. It utilizes a large number of nozzles (typically more than 1500) to jet an
acrylate-based photopolymer build material and a photo-curable support material.
Ultra Violet (UV) light is used to cure the materials to produce three dimensional

parts.



2.4.3.1 Process Description

The cartridges (one each for build and support material) are loaded into the
machine to start the process. A print head assembly comprising eight inkjet heads
traverses the x-axis to deposit layers of both support and build materials. Two
Ultra Violet (UV) lamps, located on the printhead assembly, are used to cure the
layer of material immediately after it has been deposited. The build material is
cured to a solid state where as the support material is cured to a gel-like state.
The support structure comprises solid layers compared to the thin strands in MJM.
To print wide parts, the print head can also move along the y-axis to deposit a
layer of material. After the layer is completed, the platform is lowered along the z-
axis to print the next layer (Figure 2-8). Layer thicknesses as low as 0.016 mm (16
micron) are achievable using the process. After the build is completed, the gel-like
support material is easily removed with a water jet [1,67,76,83,86,87].

Along with advantages such as the high speed of the process, fine surface finish,
high accuracy and resolution, the process also provides a significant advantage in
that all the photopolymer resin is cured so that the user is not exposed to uncured
resin after the build is completed. Material properties achieved are better than
those achievable using the MJM materials but are still considered as the main
weakness of the process [1,67,83,86,87].
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"\-\_‘_"

UV Light
Fullcure M ' II|I .
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Figure 2-8. Schematic illustration of PolyJet process [88]
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2.4.4 Solidscape 3D Printing

Solidscape 3D printing (formerly known as ModelMaker) is a process similar to
MJM as it utilizes a wax-like thermoplastic material for building parts along with a
water soluble wax as a support material. Two piezoelectric inkjet heads are used,
one each to deposit support and build material [25,76,77].

2.4.4.1 Process Description

The starting material is in the form of granules and both the support and build
materials are stored in molten form in the machine in separate, heated tanks. The
material is supplied to the respective inkjet head through heated lines. Printheads
can move simultaneously along the x and y directions (Figure 2-9). The process
starts by printing support layers to facilitate ease of removal. After a layer of
material is successfully deposited and solidified, a cutter (similar to a milling cutter)
trims the material from the surface of the built layer to flatten it. The build platform
is then lowered and the subsequent layer of material is deposited. A vacuum
based particle collecting system, attached with the cutter head assembly collects
the removed material as it is machined. This ensures that there is no unwanted
material present on the surface. After the build is finished, the support material is
removed by dissolving it in a hot solvent bath, typically at 55°C. Typical layer
thickness ranges between 0.013 — 0.076 mm [25,76,77,89,90].

Due to its simple and clean operation, the process is considered office-friendly and
its high precision/accuracy combined with the minimal post processing operation
enables it to be used for tooling and casting applications. Similar to other jetting
based processes, the process has the disadvantage of limited materials as only

waxes (one for support and one for part) can be used [76,77,90].
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Figure 2-9. Schematic of Solidscape 3D Printing Process [91]
2.5 Introduction to Support Materials

The initial state (i.e. during deposition) of material used to build a part by Additive
Manufacturing processes is different for different processes, for example liquids
for Stereolithography (SL), Multi-Jet Modelling (MJM) and PolyJet, powders for
Selective Laser Sintering (SLS) and Three-Dimensional Printing (3DP) and solids
for Fused Deposition Modelling (FDM). For the processes such as SLS and 3DP,
the excess unused powder surrounding the part acts as support material whereas
for the processes such as Polyjet, Multi-Jet Modelling and FDM, where the part is
actually built in open space, other materials, called support materials are used to
avoid shifting and/or sagging of features such as overhangs, horizontal flanges,
holes and cavities. Thus many RM processes actually make use of the following

two types of materials [78,92]:

1. Build Material: This is the actual part material and the bulk of the geometry
to be produced is made-up of this material.

2. Support Material: This is the material used to build structures that act as
scaffolding upon which the overhanging part features are supported.

Support materials are required for the following reasons [78,93]:
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e They comprise the first structures built to form a base in order to facilitate
the removal of the part from the build platform.

e They provide support to overhanging structures which are not directly
supported by the build material.

e They resist the tendency of a model to deform by providing a support to

resist the forces applied to a partially completed model during build.
2.5.1 Support Materials for Jetting

Inkjet based additive processes such as Multi-det Modelling, PolyJet and
Solidscape 3D Printing processes have been described previously. These
processes also make use of support materials during part building and these
support materials are jetted in the same way as the build material. The support
material should be such that it can be easily removed from the desired geometry
without affecting the surface finish or features of the build geometry [78]. Different

support removal methods have been discussed which include [94]:

1. Application of Force: The support material establishes a weak bond at
the interface of the build material and is thus easily removed by applying
force (usually by hand).

2. Melting: The support material has a lower melting point than the build
material and after the part is completely built, it is heated to melt away the
support material.

3. Dissolving: The support material is selected such that it is soluble in a
solvent and the build material is insoluble in the same solvent. Thus by
dipping the completed part in the solvent, the support material is
removed.

Other methods such as powered washing [92], use of mechanical vibration or
energy (i.e., from a microwave) to weaken and thus remove the support structure

[95,96] have also been discussed.

A variety of support materials have been jetted using inkjet based processes with
the aim of ease of removal. They include wax, water swellable gels and readily
meltable/soluble materials [92,97]. Phase change waxes are the most commonly
used inkjet based support materials. These compositions are mixtures of waxes
and polymers, which are jettable liquids at elevated temperatures (i.e jetting

temperature which is usually higher than 70°C) and they become solid at ambient
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temperatures. These waxes include paraffin, microcrystalline waxes, polyethylene
waxes, ester waxes and fatty amide waxes. Although, waxes are the most
commonly used support materials and they can be easily removed either by
melting or by dissolving in a solvent such as water, a major problem associated
with them is that they are weak and brittle. Due to their brittleness, these waxes
are prone to cracking after they are jetted and solidified and thus can cause

accuracy issues for the part being built [98-100].

Xu et al. have discussed fatty alcohol (i.e Hexadecanol, Octadecanol) based
phase change support material compositions in their patents related to 3D
Systems [98-100]. These compositions were successfully jetted using a
piezoelectric inkjet print head and have a melting point of 60 — 65°C and viscosity
ranging between 11.3—-11.8 mPa.s at 80°C (i.e. jetting temperature). They can be
easily removed by heating the completed part either by placing it in a heated oven
or heated vat of liquid material (i.e. water or oil) or by directing a heated jet of

liquid material at the support material.

Neilsen et al. [97] have discussed the jetting of water soluble support materials.
These compositions comprised water and fusible water containing (FWC)
substances such as brine, sodium sulphate decahydrate and sodium acetate
trihnydrate. These materials are considered environment friendly and non-
hazardous and they can be easily removed by dissolving the support in water.
However, these materials need a thermally-controlled fabrication chamber as the
temperature of the inkjet head dispensing the support material is to be maintained
at a temperature higher than the freeze temperature of the composition so that the
material is liquid while being dispensed and the build chamber should be
maintained at a temperature lower than the freeze temperature of the composition
so that it is solidified after being dispensed form the inkjet head. The freeze
temperature of these materials depends upon the FWC substance and thus can
vary from 30 — 100°C. Use of water or brine has also been discussed as a support
material but, it requires complicated thermal control of the entire system as the
build chamber has to be maintained at temperatures lower than the freezing
temperature of water/brine solution which is around 0°C and also, any heat from
the exothermic polymerization of the build material using ultraviolet radiations can

re-melt the support structure.
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Napadensky in his patents (assigned to Objet Geometries) described methacrylate
based support material compositions [101-103]. These compositions were
targeted for use in inkjet based three dimensional printing of objects. They
consisted of water miscible components which can be dissolved in water, alkaline
water or a water detergent solution. Also, for ease of removal, these compositions
may contain acidic substances that liberate bubbles when dissolved in water
containing bubble releasing substances (BRS). These bubble releasing
substances react with the acidic substance in the support composition, releasing
bubbles of carbon dioxide and thus facilitate the swelling and removal of the
support in a water based solution. Examples of BRS include carbonates or
bicarbonates such as sodium bicarbonate. These support materials show low
viscosities of about 8-15 mPa.s at jetting temperatures higher than 60°C, so are
suitable for jetting at higher temperatures. After jetting, these become gel-like

solids with weak mechanical properties at ambient temperature.

Support material compositions exhibiting Reverse Thermal Gelation (RTG) have
been discussed by Levy in his patents (assigned to Objet Geometries) [104,105].
Reverse Thermal Gelation is a phenomenon in which the solution (usually
aqueous solution) of material is liquid (i.e. low viscosity) at low temperature such
as room temperature and becomes solid (i.e. high viscosity) at higher
temperatures such as 30-40°C. When the temperature is reduced to the low value,
the material reverts to a liquid state, meaning that the behaviour is reversible.
These gels show toughness and dimensional stability appropriate for supporting
material layers as the part is built and are soluble in water leading to ease of

removal after the part is completed.

The polymers exhibiting RTG phenomena in their solutions are termed
temperature sensitive polymers [106] and are mainly block copolymers, that is,
they consist of chains of sequences of two or more polymers attached at their
ends [107]. Examples of these materials are pluronics, cellulose ethers and poly n-
isopropylacrylamide (PNIPAM) [104,105].

Reverse Thermal Gelation behaviour of the support material compositions
discussed by Levy is considered an interesting possibility for the current project
and therefore, it was decided to investigate selected polymers which exhibit RTG

behaviour. Pluronics and cellulose ethers (methylcellulose and hydroxypropyl
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methylcellulose) were selected due to their wide spread applications as gel
forming (i.e. RTG) polymers [108,109]. The following sections describe these

polymers in more detail.
2.6 Pluronic®

Pluronic (BASF) is a trade name of a family of more than 30 block copolymers.
These are triblock copolymers and have a structure consisting of polyethylene
oxide-polypropylene oxide-polyethylene oxide (PEO,-PPO,-PEQO,) where a and b
represent the degree of polymerization of each block (i.e. number average chain
length). The chemical structure of Pluronics is shown in Figure 2-10.

H (O-CH;CH,) {D-(f[H-CHE}I} (O-CH;CH,) OH

CH

3
Figure 2-10. Chemical structure of pluronics [110]
Pluronics are considered an important class of surfactants and have been used in
a variety of industrial applications such as detergents, foaming, lubrication
emulsification, controlled drug release and gelling [106,111]. Concentrated
aqueous solutions of Pluronics have shown reverse thermal gelation (RTG)
characteristics and the gelation mechanism of these polymer solutions has been
extensively studied [112]. These polymers are considered “the most widely used
reverse thermal gelation polymers” [108] and F-127 is the most commonly used

Pluronic polymer [113].

They are available in the form of liquids, pastes and solids with molecular weight
ranging between 2,000-14,000 and PEO/PPO weight ratio ranging between 1:9 to
8:2 (see Table 2-1) [111,112,114]. Pluronics are identified by using a letter-
number combination. Letters designate the physical state of the pluronic such as
“L” for liquids, “P” for pastes and “F” for flakes (i.e. solid form). The letter is
followed by a two or three digit number. The first number (or first two numbers in
the case of three digits) multiplied by 300 gives the approximate molecular weight
of the PPO (hydrophobe) and the last digit multiplied by 10, gives the percentage
of PEO in the molecule. Thus, for example, F 127 is available in the form of flakes
(Mw ~ 12600), has a PPO molecular weight of approximately 3600 and PEO

content of 70 % of the total molecular weight.
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Molecular Melting Viscosity*
Point (°C) (mPa.s)

H o,
Pluronic Weight PEO (wt. %)

* Liquids at 25°C, pastes at 60°C and solids at 77°C

7= Liquid - Paste [ Solid

Table 2-1. Commercially available Pluronics [115-118]
2.6.1 Micellization and Gel Formation

At low temperatures (usually lower than 15°C), both PEO and PPO blocks are
soluble in water and are present in the form of polymer chains called unimers
(Figure 2-11). PEO is more polar than PPO [119-123]. Since water is a polar
solvent, the PEO — solvent (water) interactions, in the form of hydrogen bonding,
are strong (attractive) and PEO — PPO interactions are weak (repulsive) at low
temperatures. Therefore, strong water structuring due to hydrogen bonding is
present around PEO chains in aqueous solutions at low temperatures. PPO, due
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to the presence of methyl (CH3) group, presents relatively higher steric hindrance
to water molecules as compared to PEO and results in weak water structuring
around PPO chains at low temperatures [123]. Upon increasing the temperature,
due to its weak interactions with water, PPO becomes less soluble in water (i.e.
hydrophobic) whereas the PEO remains soluble [124]. At or above a certain
concentration, called the critical micelle concentration (CMC), the increased
dehydration (i.e. hydrophobicity) of the PPO chains results in the aggregation of
individual chains (i.e. unimers) into spherical micelles upon increasing the
temperature above a certain value called critical micelle temperature (CMT). The
conversion of unimers into micelles is accompanied with a gradual increase in the
viscosity of the solution (Figure 2-11). The core of the micelle comprises of PPO
molecules whereas the PEO molecules form the corona of the micelle
[111,112,119,122-124]. Also, the hydrogen bond structure (due to water
molecules) around PEO becomes weak and PEO — water interactions become
less favourable whereas PEO — PPO interactions become more favourable. Thus,
upon further increasing the temperature to a value called gel temperature (Tge),
due to increased polymer — polymer attractions, the micelles come into contact
and micelle entanglement takes place with sharp rise in the viscosity of the
solution. This entanglement is caused due to the linking of PEO chains between
adjacent micelles. Due to this entanglement, the micelles cannot move freely and
thus form a gel phase (Figure 2-11) [112,124-129]. The gel phase represents a
physically cross linked network with a measureable yield stress or elastic modulus
[126]. The entanglement of micelles resulting in the formation of a lyotropic
crystalline phase is considered the driving force for the gel formation in Pluronic
solutions [112,115,125,126]. These crystalline phases can include cubic,
hexagonal and lamellar structures (Figure 2-12) [130-133]. Upon cooling, the gel
phase converts into solution phase with a gradual expansion of micelles into

unimers.
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Figure 2-11. Formation of micelles and unimers upon respectively increasing and

decreasing the temperature of aqueous solution of Pluronics

Figure 2-12. Crystalline phases formed by Pluronics in aqueous solutions (a) Cubic

(b) Hexagonal (c) Lamellar [132]
2.6.2 Molecular Weight

Pluronics with molecular weights ranging from 1700 to 13000 have been studied
and it has been suggested that increasing molecular weight (for constant
PEO/PPO ratio) results in reduced CMC/CMT and Tge [115,123,124,134]. Also,
lower molecular weight Pluronics (M, ~ 2500) do not form a gel at any
concentration whereas Pluronics with higher molecular weight form a gel at low
concentration and/or temperature [134]. This behaviour can be understood on the
basis of micelle/gel formation explanation presented in the previous section as for
low molecular weight Pluronics the miceller interactions even at high concentration

or temperature are not sufficient to cause the formation of gel whereas increased
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molecular weight results in longer polymers chains and thus strong micellar

interactions take place at high concentration/temperature to cause the formation of

gel.
2.6.3 PEO/PPO Chain Length

The effect of varying the relative molecular weight (i.e. chain length) of PEO and
PPO blocks upon CMC and CMT has been evaluated and the following

conclusions were drawn [122]:

e For constant PEO chain length, a decrease in PPO molecular weight (chain
length) leads to increased CMC at a given temperature or an increase in
the CMT at a given concentration.

e For constant length of PPO chain, a decrease in the PEO chain length
results in reduced CMC at a given temperature or reduced CMT at a given
concentration.

These effects are observed because increasing the PPO fraction results in an
increased hydrophobic character and also, the fraction of non — polar states
present in the solution increase with increasing the PPO chain length resulting in
increased dehydration and polymer — polymer interaction at lower temperature
and/or concentration (i.e. reduced CMT/CMC) and consequently, the gel
temperature is also reduced [115,121-123,128,135].

2.6.4 Concentration

The effect of varying concentration of Pluronic in water has been studied and both
the CMT and Ty are found to decrease with increasing concentration
[115,123,125,127,134,136-139]. This is attributed to reduction of intermicellar
distance upon increasing concentration which in turn reduces the degree of
micellar swelling necessary for micellar entanglement and thus Tge is reduced and
the gel strength is also increased [127,134]. Typically, for concentrations lower

than 15%, no gel formation is observed [127,134].
2.6.5 Solvents

Self assembly and the microstructure of Pluronics is highly dependent upon the
solvent quality [140]. Water has been the most commonly used solvent for the
pluronic solutions but different cosolvents including a variety of alcohols/glycols,

glycerol, acids and formamide have been used for modifying the solution and
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aggregation properties of Pluronic solutions for specific applications [129-133,141-
148]. In aqueous solutions, addition of short chain alcohols (C4 — C3) such as
methanol, ethanol and 1-propanol increase the CMT values whereas longer chain
alcohols (C4 — Cg) such as 1-butanol, 1—pentanol, and 1-hexanol decrease the
CMT values for a given concentration of Pluronic [129,141,148,149]. It is
suggested that this is because the short chain alcohols are good solvents for both
PPO and PEO blocks reducing the dehydration of the PPO block (hydrophobic
effect) and thus resulting in increased CMT value. On the other hand, increasing
chain length decreases the solubility significantly resulting in an increased
hydrophobic effect and thus reduced CMT value [141]. The effect of Cq4 diol
(known as Surfynol® 104) on the micelles of a Pluronic solution (P85) was studied
and a reduction in CMT was observed because the diol associates with the PPO
block of the Pluronic and expels the water out of the core to increase the
dehydration and thus the CMT is reduced [142]. Effect of glycerol, propylene
glycol and ethanol have been studied and isothermal (at 25°C) ternary phase
diagrams comprising of water, Pluronic (F127) and the respective co-solvent have
been developed [132,133,143]. Glycerol has been found to decrease the CMT and
sol-gel temperature of the Pluronic solutions whereas the addition of propylene
glycol was found to have the opposite effect to that of glycerol [132,133,140,150].
This was attributed to the PPO having a similar structure to propylene glycol which
enables better solvency for PPO in water in the presence of propylene glycol
[132,133]. On the other hand, glycerol, due to its strong affinity for water,
decreases the PEO hydration and thus CMT and Ty are reduced [140]. Addition
of hydrochloric acid to the aqueous solutions of Pluronic (P123) was also found to
increase the CMT values [113]. This increase in CMT is attributed to strengthening
of the hydrogen bond between the Pluronic and water molecules due to the
protons (H*) supplied by the acid. The increase in hydrogen bonding results in
reduced dehydration of the Pluronic and thus the CMT value is increased by
adding the acid [113]. Formamide has been used as a cosolvent (i.e. with water)
as well as a solvent (without water) to form Pluronic solutions and is considered
‘the most studied non-aqueous polar solvent” [145]. It was reported that
formamide is a better solvent than water and thus a water-formamide mixture as
well as formamide alone, when used as solvent, resulted in increased CMC/CMT

and Tge values for Pluronic solutions [38,145-147].
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2.7 Cellulose

Cellulose is considered the most abundant naturally occurring organic compound
available worldwide [151-154]. It is a polysaccharide composed of linear chains of
anhydrogluco-pyranose units (AGU) linked together at 1 and 4 positions of carbon
atoms through beta (B) configuration glucosidic bonds (i.e. B(1—4) linked D-
glucose). It has a formula of (Cs H1p Os), where n is the chain length or degree of
polymerisation. The structure of cellulose is shown in the Figure 2-13. There are
three hydroxyl groups in each glucose unit of cellulose on second, third and sixth

carbon atom.

Anhydroglucopyranose
(AGU) or D-Glucose

Figure 2-13. Structure of Cellulose [151]

2.7.1 Cellulose Derivatives

Cellulose itself is insoluble in water. If the hydroxyl groups in cellulose are
substituted with other functional groups such as ethyl, methyl and/or
hydroxypropyl, it results in a cellulose derivative which is soluble in water or other
organic solvents. The extent of substitution is usually characterised by the number
of hydroxyl groups modified per anhydroglucopyranose unit (AGU) and is referred
to as the degree of substitution (DS). For cellulose ethers with branched
substitutions (such as hydroxypropyl methylcellulose) because the addition of
alkylene oxides results in the presence of new hydroxyl groups, the number of
moles of alkylating reagent added per mole of AGU, termed as molar substitution
(MS) is also used to define the structure [151,154]. The value of degree of
substitution ranges between 0 — 3. The solubility of a cellulose derivative in water
or in any other organic solvent depends upon the type of substituent, the
molecular weight of derivative and the degree of substitution (DS) of the
derivative. Cellulose derivatives are categorised as either esters or ethers and
further classifications are organic and inorganic esters, water soluble ethers and

ethers soluble in organic solvents (Figure 2-14) [153].

28



Cellulose

Derivatives
|
Esters Ethers
I [
I | I |

] . Soluble Soluhle_ln
Organic Inerganic in Water Organic
Solvents

Figure 2-14. Categories of cellulose derivatives [153]

A complete discussion of cellulose esters is beyond the scope of this report, other
reports can be viewed [155] for further details about cellulose esters. However, a

brief introduction of cellulose ethers will be presented in the next section.
2.7.2 Cellulose Ethers

Cellulose ethers are usually achieved by alkylation of cellulose. These derivatives
are obtained by converting the cellulose into an alkali form by treating it with an
alkali, usually sodium hydroxide (NaOH). This alkali cellulose is then reacted with
a suitable alkylation reagent to achieve the desired cellulose ether. Examples of
alkylation reagents include methyl chloride for methylcellulose, methyl chloride
and propylene oxide for hydroxypropyl methylcellulose and ethyl chloride for
ethylcellulose [155-157]. In order to suspend/disperse the cellulose during the
etherification, an inert diluent is also sometimes used. The inert diluents also serve
other purposes such as to provide heat transfer, to moderate the reaction kinetics
and to improve the substituent distribution uniformity along the glucose chain [156-
158]. A variety of alcohols (ethanol, isopropyl alcohol, ter-butyl alcohol), acetone
and water are the commonly employed inert diluents [156,158,159]. The degree of
substitution (DS) along with degree of polymerisation, molecular weight and the
type of substituent are important in determining the properties of cellulose ether.
Also, the distribution of substituents along the glucose chain and the polymer unit
is an important characteristic which governs the rheological characteristics of the
resulting cellulose ether [153,157]. It is worth mentioning here that the degree of
substitution, as defined earlier, only describes the average number of hydroxyl
groups substituted by the substituent and it does not specify the actual distribution
of the substituent either within a polymer chain or among the polymer chains.

Therefore, cellulose ethers with the same alkyl group and the same value of DS
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can show different rheological characteristics due to the different distribution of
alkyl groups within the cellulose ether [157]. The distribution pattern of the
substituent is not controlled during the commercial scale manufacturing of
cellulose ethers, however, it has been shown that by selecting appropriate
reaction conditions during laboratory production of cellulose ethers that a
selective substitutional structure and thus desired characteristics can be achieved
[160-165].

Availability of a variety of substituent groups, degree of substitution, molecular
weight and structure of cellulose ethers results in a variety of useful properties.
These properties include water retention, water absorbance, solubility in different
solvents (i.e. water and other organic solvents), film formation, lubrication, surface
activity, controllable rheology and gel formation [153,157,166]. Modulation of flow
behaviour (i.e. rheology) is considered the most important property of cellulose
ethers [157]. Because of their highly varied and useful properties, cellulose ethers
have found applications in a wide range of industries including oil recovery,
textiles, paper, paints, construction/building materials, ceramics, detergents and
adhesives. Also, the fact that the cellulose ethers are physiologically harmless,
allows their use in industries such as pharmaceutical, food, cosmetics and

personal care products [153,157,166].

Table 2-2 summarizes some of the commonly used cellulose ethers along with

their physical properties and uses.
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Cellulose Ether

Typical Properties

Common Uses

Sodium Carboxy-
methylcellulose (CMC)

¢ Soluble in hot and cold water, insoluble in organic solvents
¢ Molecular weight (M,,) ranges between 9x10* and 7x10°
e Depending on M, solutions can be pseudoplastic or thixotropic

e Thickener in dessert toppings, pet food,
toothpaste and pharmaceutics

¢ Binder in ceramics and paper products

o Film former in textiles and adhesives

Ethylcellulose (EC)

e Soluble in organic solvents

e Forms mechanically tough and stable films in organic solvents

¢ Elongation, tensile strength and flexibility of film is a direct function
of molecular weight

¢ Film former in printing inks, lacquers and
varnishes

¢ Additive to increase toughness in hot
melts, lacquers and varnishes

Hydroxyethylcellulose
(HEC)

e Soluble in hot and cold water, insoluble in hydrocarbon solvents
e Molecular weight (M,,) ranges between 9x10* and 1.4x10°
e Depending on M,,, solutions can be Newtonian or pseudoplastic

o Water-binder in ceramic glazes and paper
coatings

¢ Thickener in polymer emulsions, latex paints,
cements and shampoos

Ethylhydroxy Ethylcellulose
(EHEC)

e Ethyl modification of HEC

e Soluble in water and aqueous solutions are soluble in alcohols,
glycols and ketones

e Aqueous solutions can be Newtonian or pseudoplastic

¢ Thickener and stabilizer in plasters,
detergents, water-borne paints, cosmetics
and pharmaceutical applications

Methylcellulose (MC)

¢ Soluble in water and for DS>2.4, in a variety of organic solvents

e Agueous solutions gel at approximately 55 °c (independent of M,,)

e Solutions are pseudoplastic (liquid state) and thixotropic (gel
state)

e Thickener in latex paints, food and cosmetics

¢ Binder in tablet formulations and slip cast
ceramics

e Controlled release in tablets due to gelation

Hydroxypropyl
Methylcellulose (HPMC)

¢ Soluble in water and for DS>2.4, in a variety of organic solvents

e Agueous solutions gel at approximately 55 °c (independent of M,,)

e Solutions are pseudoplastic (liquid state) and thixotropic (gel
state)

o Stabilizer and thickener bakery and other
food items and personal care items

¢ Binder and emulsifier and controlled
release in tablet formulations

Table 2-2. Commercially available cellulose ethers, typical properties and uses [157]
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2.8 Methylcellulose (MC) and Hydroxypropyl
Methylcellulose (HPMC)

Substitution of hydroxyl groups (OH) of cellulose by methyl groups (CHs) using
methyl chloride, results in the simplest derivative of cellulose which is called
methyl cellulose (MC) [167]. Addition of propylene oxide with methyl chloride
during this substitution results in hydroxypropyl methylcellulose (HPMC) [155,157].
Heymann [168], in 1935 was the first to investigate the reverse thermal gelation
behaviour of both MC and HPMC in water. Since then, many authors have
investigated aqueous solutions of MC and HPMC for their reverse thermal gelation
tendencies and these cellulose ethers (in their aqueous solutions) are therefore
considered some of the largest members of reverse thermal gel forming polymers
[109,157,168-183]. Aqueous solutions of both MC and HPMC form a gel upon
heating and revert back to a solution phase upon cooling. It is generally agreed
that similar to Pluronics, hydrophobic interactions between different molecular
chains resulting in increased polymer — polymer interaction, are the main reason
behind the formation of reverse thermal gels by MC and HPMC. At low
temperatures, depending upon their degree of substitution, both MC and HPMC
are soluble in water and this solubility is caused by hydration of both methoxy and
hydroxyl groups at low temperatures. As the temperature is increased, the
hydrogen bonds between water molecules and methoxy groups are broken
causing an increase in hydrophobicity of chains containing of methoxy groups.
Depending upon the concentration of the polymer in the solution, above a certain
temperature called the Lower Critical Solution Temperature or LCST, this
increased hydrophobicity results in increased molecular association (i.e. polymer —
polymer) interaction and thus the solution phase separates and converts into a
three dimensional, physically cross linked gel phase. Since the gel formation does
not involve making or breaking of any covalent bonds, it is considered completely
reversible and as the formed gel is cooled back, it returns to a solution phase
[177,179,184-186]. It is important to note that only methyl celluloses for which the
distribution of substituents in the anhydroglucopyranose units and along the
chains is not uniform (i.e. a heterogeneous substitutional structure) form gel
whereas those with uniform (inter and intra chain) substitutional structure do not

form gel in water [170,177,179,184,186]. Molecular weight, degree of substitution
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(both DS and MS), concentration and heating rate are the main parameters which
control the gelation characteristics such as gelation temperature, cloud point
temperature and gel strength [157,167,185]. The effect of varying different
parameters on the characteristics of aqueous solutions/gels of MC and HPMC is

discussed below and table 2-3 summarises the effect of increasing these

parameters.
Solution/Gel Characteristics
Parameter Precipitation Cloud Point Gelation Gel

Temperature Temperature Temperature Strength

(IPT) (Tep) (Tge))
Molecular Weight Independent Decrease Decrease Increase
Concentration Decrease Decrease Decrease Increase
DS Independent Decrease Decrease Increase
MS Independent Increase Increase Decrease

Table 2-3. Effect of Increasing Different Parameters on the Characteristics of Aqueous
Solutions/Gels of MC and HPMC

2.8.1 Molecular Weight

MC and HPMC with average molecular weights ranging from 20,000 to 400,000
have been studied [109,173,176,187,188] and it was found that increasing the
molecular weight results in a slight decrease in the clouding temperature (Tcp) and
gel temperature (Tge1) Whereas the mechanical strength of the gels is increased by
increasing the molecular weight of the cellulose ethers. The lack of dependence of
Tep, Tge ON molecular weight is mainly attributed to the high degree of
polydispersity (i.e. presence of different molecular weight fractions in the sample)
of those celluloses as the polydispersity index ranges between 3 — 10 [109,188].
Also, the wide molecular weight distribution results in clouding occurring over a
range of temperature, with the onset of clouding identified as incipient precipitation
temperature (IPT) and cloud point temperature (T¢,) as the temperature when the
solution is completely turbid. Due to the polydispersity, the IPT values of MC and
HPMC solutions were found to be independent of the average molecular weight

[109,188]. The increase in gel strength was attributed mainly to the presence of
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longer polymer chains enabling strong polymer — polymer (i.e. hydrophobic)

interactions with increased temperature [109,176,187,188].
2.8.2 Concentration

Typically, the concentration values studied for aqueous solutions of both MC and
HPMC range between 0.1 — 2.5% [109,167,171,173,174,176,178,183,187,189-
191], however high concentrations such as 20% have also been studied [192].
The effect of concentration on IPT, T¢,, Tgel and gel strength is more profound
compared with the effect of molecular weight as only slightly increasing the
concentration (e.g. 0.5%) of MC and HPMC in water results in decreased values
of IPT, Tg and Tga and increased values of gel strength
[109,167,171,173,174,176,178,187,189,190]. This behaviour of aqueous solutions
of MC and HPMC is observed because there is increased intermolecular hydrogen
bonding between water and the polymer chains as almost all the MC (or HPMC)
molecules are hydrogen bonded with water (at low concentrations). Upon
increasing the concentration, the intramolecular hydrogen bonds (within MC or
HPMC chains) are increased compared with the intermolecular bonds between
MC (or HPMC) and water molecules and thus the hydrophobic effect takes place
at lower temperature resulting in lowering of IPT, clouding temperature and gelling
temperature [109,167,171,189]. These increased polymer interactions are also

responsible for increased gel strength at high concentrations.
2.8.3 Substitution

As defined earlier, degree of substitution (DS) of MC and HPMC along with the
molar substitution (MS) of HPMC are also important in determining the gel
formation characteristics. It is considered that the methoxyl substitution, due to its
hydrophobic nature, is mainly responsible for the gel formation ability of both MC
and HPMC whereas the hydroxypropyl substitution only effects the gel formation
characteristics but is not the main cause behind the gel formation [109]. The MC
and HPMC are only soluble in water in the DS range of 14 - 20
[109,178,180,183,188,193,194]. Below this range, due to low substitution of the
hydroxyl groups by the hydrophobic methoxyl groups, there are sufficient
intramolecular and intermolecular hydrogen bonds present within the cellulose

chain which do not allow water to form hydrogen bonding with the cellulose chain
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and thus the cellulose is insoluble in water. Similarly, for higher substitution of
hydroxyl groups with methoxyl group, the cellulose chain is strongly hydrophobic
and thus the resulting MC or HPMC is rendered water insoluble. Changing the
values of DS and MS did not change the IPT greatly due to the polydispersed
nature of substitution but increased DS resulted in lowering of Tcp, Tger and
formation of strong gels [109,173]. This is due to the increased hydrophobic
characteristic of the cellulose chain caused by the increased substitution of
hydroxyl groups by the methoxy groups, resulting in increased polymer — polymer
interactions. On the other hand, the effect of adding hydroxypropyl groups (i.e.
increasing MS) is the reverse to that of adding methoxy groups as increased MS
results in increased Tcp and Tge and reduced gel strength [109,173,174]. This
effect of hydroxypropyl substitution is a result of relatively less hydrophobic nature
of hydroxypropyl groups compared with the methyl group (i.e. due to additional
hydroxyl groups in hydroxypropyl). This behaviour of hydroxypropyl substitution
was also attributed to the molecular level (i.e. steric) arrangement of the structure

of cellulose chains [109].

The pattern of substitution (i.e. homogeneous or heterogeneous) of the
substituents also affects the characteristics of MC and HPMC aqueous solutions
[184,194,195]. Clouding in heterogeneously substituted celluloses starts earlier
(i.e. reduced T¢,) and it takes place over a wider range of temperature compared
with methylceluloses with the same degree of substitution but homogenous
distribution of substituents [184,196]. Also, as mentioned earlier, MC and HPMC
with a homogenous substitutional pattern do not form a gel upon heating. This
difference in behaviour is considered to be due to the presence of highly
substituted regions in heterogeneously substituted celluloses [184,194,196]. Due
to homogenous substitution of hydroxyl groups with methoxyl groups, the variation
of size (i.e. chain length) with substituted and non-substituted regions is small.
Therefore, upon heating, homogenously substituted celluloses phase separate in
aqueous solutions as short chained, individual structures and thus very little
hydrophobic effect takes place with no strong, long chain polymer interactions.
Heterogeneously substituted celluloses contain chains with relatively higher
substitution (i.e. more hydrophobic) and relatively lower substitution (i.e. less

hydrophobic). The presence of highly hydrophobic regions allows early phase
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separation (i.e. reduced T.,) when heating aqueous solutions and also, as the
phase separation starts, molecular chains with relatively lower substitution remain
dissolved whereas only the chains with highly substituted regions start to cloud,
and thus the clouding takes place over a wider temperature interval [184,196]. The
presence of these varying substitutional regions is also the reason behind gel
formation as the polymer interactions are not in the form of short chain, discrete
structures as in the homogenously substituted MC and HPMC. Due to the
presence of regions of varying substitution (i.e. varying hydrophobicity), the
hydrophobic interactions are enhanced and strong, long chained polymer —
polymer interaction takes place upon heating resulting in the formation of gel

structure with highly substituted regions acting as “cross-linking loci” [184,195].

Apart from the effect of the above mentioned factors (i.e. molecular weight,
concentration and structure) which are intrinsic to MC and HPMC, factors extrinsic
to MC and HPMC such as the effect of additives have also been studied. These
additives include salts and surfactants [109,168,189,197], alcohols and glycols
[109,168,185,198,199], glycerol [167] and polymers [167,200]. Adding ionic
compounds such as sodium chloride (NaCl), potassium chloride (KCI), potassium
sulphate (K2SO4), ammonium chloride (NH4Cl) and sodium carbonate (Na,COs3)
was found to decrease the cloud point and the gelation temperature of MC and
HPMC solutions [109,168,189]. This decrease in T¢, and Tge is due to the fact that
water forms hydrogen bonds with the ions of these compounds and thus the
intermolecular hydrogen bonding between water and MC (or HPMC) is reduced
which allows the hydrophobic interactions to take place at lower temperatures
[109,189]. For the same reason, addition of ionic compounds was also found to
increase the gel strength [109]. Some compounds such as urea and sodium
dodecyl Sulphate (C12SO4Na, SDS) were found to have an effect opposite to the
above mentioned salts and surfactants on gelation characteristics (i.e. increased
Tep and Tge) [109,197]. This is due to the association of these molecules to MC
molecules in the aqueous solutions. The dissociation temperatures of these
molecules are higher which in turn increases the temperature at which the
hydrophobic interactions of cellulose chains take place [109]. Addition of alcohols
such as ethanol and propanol, and glycols such as ethylene glycol, diethylene

glycol, tetraethylene glycol and propylene glycol have been found to increase the
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gelation temperature, due to their solvent characteristics for methyl substituents
which enhance the intermolecular hydrogen bonding of MC with water and the
respective co-solvent [167,185,198,199]. Glycerol, on the other hand, had an
inverse effect upon gelation temperature. Adding glycerol resulted in reduction in
Tgel @and this was attributed to affinity of glycerol to water molecules resulting in
increased hydrophobic effect in methylcellulose [167]. It must be mentioned here
that the different alcohols and glycols were studied as additives with aqueous
methylcellulose solutions and no literature was found for solutions of
methylcellulose or hydroxypropyl methylcellulose in a non-aqueous solvent (i.e.
without the presence of water). Like glycerol, addition of polymers such as
polyethylene glycol (PEG), polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP)
was also observed to reduce the gel temperature [167,200]. However, the
reduction in Tge depended only slightly on the amount of these polymers and the
competition for the solubility in water between these polymers and the molecules
of MC, resulting in reduced solubility of MC molecules was considered the main
reason for this effect [167,200].

Commercially available MC and HPMC are heterogeneous in nature and their
degree of substitution is an important factor in determining their solubility in a
variety of solvents. Usually, methyl celluloses are categorised as alkali soluble
with a DS value between 0.25 — 1 and water soluble with a DS value between 1.4
— 2 whereas above a DS value of 2.4, they are soluble in a wide variety of
solvents [157,201].

As mentioned earlier, the pattern of substitution is not controlled during
commercial scale production, therefore commercially available MC and HPMC are
supplied in different viscosity grades (i.e. viscosity in 2% aqueous solution is
usually specified). Both MC and HPMC are available in a large variety of viscosity
grades from various manufacturers under different trade names such as Benecel

by Aqualon and Methocel by Dow Chemical Company.

2.9 Summary

The literature review showed that the interesting behaviour (i.e. reverse thermal
gelation) of polymers such as Pluronics and MC requires investigations to produce

possible support material for the jetting of caprolactam. However, it was noticed
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during the literature review that both Pluronics and MC were mainly investigated in
their aqueous solutions and at temperatures lower than 100°C. Whereas, for
jetting of caprolactam, water inhibits the polymerisation of caprolactam into nylon
and the polymerisation takes place at higher temperatures (i.e. near 150°C).
Therefore, investigations of novel combinations of a pluronic as well as MC in non-
aqueous solvents at temperatures around 150°C were identified as the

foundations for this research.
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3 Experimental

3.1 Introduction

This chapter presents an introduction to the different materials (polymers and
solvents) used in the research along with the sample preparation methods. In
order to characterize and understand the behaviour of the samples prepared by
mixing/dissolving selected polymers and solvents, different experiments such as
sample heating, Fourier transform infrared (FTIR) spectroscopy, differential
scanning calorimetry (DSC), hot stage microscopy, X-ray diffraction (XRD),
viscosity measurements and surface tension measurements were performed on
these samples and details of these experimental techniques as applied to the
samples during this project are described in this chapter. As the expected build
chamber temperature when jetting the mixtures of caprolactam was 150°C, all the
experiments involving heating the samples such as sample heating, hot stage
microscopy and differential scanning calorimetry were performed up to a

maximum temperature of 150°C.

3.2 Materials

Polymers used in this project included Pluronic F-127, methylcellulose (MC) and
hydroxypropyl methylcellulose (HPMC). These polymers were mainly selected due
to their well known reverse thermal gel formation tendencies in aqueous solutions
as described in the previous chapter.

3.2.1 Pluronic F-127
Pluronic F-127 (M,, = 12,600, PEO content = 70% of total molecular weight) was

purchased from BASF and was used as received. Figure 3-1 represents the

chemical structure of Pluronic F-127.

H~(O~CHz ~CHa)100 — (O~CH ~CHa)ro — (O~CHa ~CHa)1o0 ~OH
CHs

Figure 3-1. Chemical structure of Pluronic F-127
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3.2.2 Methylcellulose and Hydroxypropyl Methylcellulose
Methylcellulose (M, = 13,000, viscosity of 2% aqueous solution = 12-18 mPa.s)

and hydroxypropyl methylcellulose (M, = 86,000, viscosity of 2% aqueous solution
= 4000 mPa.s), manufactured by Acros Organics, were purchased from Fisher
Scientific (authorized distributors for Acros Organics products in UK). The degree
of substitution (DS) value of methylcellulose as supplied by the manufacturer was
1.8 whereas the values of degree of substitution and/or molar substitution for
hydroxypropyl methylcellulose were not supplied by the manufacturer. The
chemical structure of MC (and HPMC) is shown in Figure 3-2.

- ’_Q I
HO ﬂb 1 HO qb
0 S O-
R R R

R =H or CHs {for MC])
R =H, CHzor CH:CH{OH)CH5 (for HPMC)

Figure 3-2. Chemical structure of MC and HPMC
3.2.3 Solvents

A variety of non—aqueous solvents were used in this project and all these were
purchased from Fisher Scientific and used as received. Table 3-1 presents a list of

solvents used in this research.

Solvent Chemical | Molecular Boiling Viscosity
Formula Weight Point (°C) | (mPa.s at 20°C)

Formamide CH;NO 45.04 210 n/a

Ethanediol CoHeO 62.06 197 21

(Ethylene Glycol, EG) 262 '

1,2 Propanediol

(Propylene Glycol, PG) CsHz0, 76.09 187 45

1,3 Butanediol CeH1O 90.12 203 25,83

(Butylene Glycol, BG) 4702 ' '

Octanol CgH1s0 130.23 195 9

Table 3-1. Solvents used in this research (data supplied by manufacturers in material safety

data sheets)

L At 50°C
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3.3 Sample Preparation

Samples of different compositions were prepared by mixing a weighed amount of
polymer in solvent and a variety of combinations were studied. Total weight of
each composition was held constant at 50 g. Table 3-2 presents the details of
different compositions prepared. Mixing was performed at room temperature (i.e.
20°C) using a magnetic stirrer. In order to prepare a composition, a carefully
weighed amount of the solvent was added into a wide mouth glass bottle (capacity
125 ml). The bottle was then placed on the magnetic stirrer and the magnet was
placed inside the bottle to start the stirring. A carefully weighed amount of the
respective polymer was then added gradually into the solvent being stirred. All the
samples were allowed a minimum of 24 hours mixing time. After mixing, these
samples were kept in a refrigerator (temperature 2—4°C) for approximately 24

hours for stabilisation of the composition.

Polymer Solvent Compositions (w/w)

Water 15, 20, 25 and 30%

Formamide 15, 20, 25, 30 and 35%

Ethylene Glycol

F-127 Propylene Glycol 259

Butylene Glycol (in each solvent)

Octanol
Ethylene Glycol 10, 15, 20 and 25%
0,
HPMC Water 2, 3,4 and 5%

Ethylene Glycol 5, 10, 15 and 20%

Water 2,3,4,5,6,8and 10%
Ethylene Glycol | 1, 2,5, 10, 15 and 20%

MC

Propylene Glycol | 1, 2, 5, 10, 15 and 20%

Butylene Glycol | 1, 2,5, 10, 15 and 20%

Table 3-2. Binary compositions prepared and analysed during current research
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Ternary compositions, comprising of methylcellulose, water and either propylene
glycol or butylene glycol were also prepared to analyze the effect of adding water
as a solvent. Due to the wide range of possible compositions involving three
components, experimental design software (Design Expert 7 for Windows) was
used to obtain an experimental design for both propylene glycol and butylene
glycol based compositions. The following constraints on each component were

used in designing the mixture experiments for ternary compositions:
2% < MC = 10%
2% < Water = 20%
70% < Glycol = 96%

The binary compositions of MC in glycols showed that a soft gel forms for a
concentration as low as 2% whereas for a concentration of 10%, a strong, solid
like structure is obtained. Therefore, the limits for MC concentration were based
on the results achieved from the binary compositions of MC and glycols. Also, as
the addition of water lowers the boiling point of the glycols, it was decided to use a
maximum limit of 20% of water to minimize lowering of the boiling point of the
binary solvent (i.e. water and glycol). Finally, upper and lower limits for the
remaining component (i.e. glycol) were respectively calculated based on the
minimum and the maximum of both MC and water so that the total of each
composition remained the same. Table 3-3 lists the different ternary compositions
prepared. Mixture compositions generated by the software were prepared by first
mixing, using a magnetic stirrer, the two solvents (i.e. water and glycol) in wide
mouth glass bottles for approximately 1 hour and then adding the weighed amount
of MC while the solvent was constantly stirred. As for the binary compositions, a
minimum of 24 hours was allowed for the mixing of all the ternary compositions

and they were kept in the refrigerator for 24 hours after the mixing was stopped.
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semie T i) war | ot
L 2 2 96
2 6 2 92
3 10 2 88
u 6 6 88
5 2 11 a7
6 6 11 83
7 10 11 79
8 2 20 78
9 6 20 74
10 10 20 20

Table 3-3. Ternary compositions prepared and analysed during current research

3.4 Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) is a commonly employed technique to
measure the change in weight of a sample with respect to the change in
temperature. As all the compositions were to be heated to a high temperature (i.e.
150°C), it was important to measure the fraction of weight lost by each solvent at
high temperatures. All the solvents used during this project were subjected to TGA
to measure the weight loss caused by heating. TGA was performed by a TA
Instruments Q5000 IR using Platinum pans. Purge gas (i.e. Nitrogen) was
supplied to the heating chamber at a rate of 25cm*/min. The approximate starting
weight of each sample was 50 mg. The samples (i.e. solvents) were heated from
25°C up to 200°C at a rate of 5°C/min and weight fraction at each degree rise of

temperature was recorded.

3.5 Sample Heating

In order to observe the change in the state of samples, they were heated from 25
to 150°C (25 to 90°C for water based samples). Approximately 3 gof each sample
was placed in a glass sample tube (inner diameter 16 mm) and heating was
performed using an oil bath. Samples were heated using an average heating rate
of approximately 5°C/min and were allowed to cool under natural cooling.
Qualitative observations of each sample were made by tilting the sample tube and
poking the sample with a steel rod. Up to 50°C observations were made after

every 5°C whereas after 50°C, observations were made after every 10°C rise in
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the temperature. Different states were identified based on the relative
thickness/strength of samples such as liquid, viscous liquid, soft gel, strong gel

and solid. Observations were also made during the cooling of samples.

3.6 Infrared (IR) Spectroscopic Analysis

It is well known that all the atoms present in a molecule are in continuous vibration
with respect to each other (above absolute zero). Atoms, based on their relative
arrangements within a molecule can vibrate in different ways such as stretching,
wagging, scissoring, twisting and rocking. A good example is methylene or CHy
group in which there are three atoms, a central carbon atom with two hydrogen
atoms. All the bonds in methylene are single bonds and therefore its atoms can
show all the above mentioned modes of vibration (Figure 3-3). Each molecule thus
has specific vibrational frequencies associated with it corresponding to its
chemical structure and movement of atoms within it. The molecule absorbs the
infrared (IR) radiation focussed on it when the frequency of the IR radiation is
equal to the frequency of a specific vibration present in the molecule due to the
relative vibration of atoms. IR spectroscopy is thus based on this principle that
each different chemical structure (molecule or compound) absorbs different
frequencies (or wavelengths) of IR radiations based upon its chemical structure
and the arrangement of atoms within the molecule. Plotting the transmitted
radiation intensity (on a vertical axis) against the frequency (on a horizontal axis)
shows what is termed the FTIR spectrum of the molecule or the compound. Since,
each molecule has its own distinctive energy levels, no two compounds (unless
very similar) can have the same IR spectra. Therefore, the IR absorption spectrum
is considered the most unique physical property of a molecule and it is also
referred to as the fingerprint’ of a molecule [202-205]. Due to its simple, easy and
quick operation and relatively low cost equipment, Infrared spectroscopy is a very
commonly employed technique for polymer characterization. Each different
functional group (such as methyl (CHjs), hydroxyl (OH), carbon to carbon double
bond etc) or molecules in a polymer have a specific spectrum of radiations
absorbing at specific frequencies. Recording the spectrum of a molecule and
comparing it with the spectra of different functional groups enables the
determination of functional group(s) present and thus the chemical structure of the

molecule can be determined.
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Figure 3-3. Vibrational Modes? of Methylene (CH,) (a) Symmetrical Stretching (b)
Antisymmetrical Stretching (c) Wagging (d) Scissoring (e) Twisting (f) Rocking [202,205]

Infrared radiation is passed through the sample and depending upon the
functional groups present and the molecular arrangement of the sample
composition, the sample absorbs radiation at specific wavelengths (or
frequencies) corresponding to its molecular structure. A spectrum for the sample is
thus obtained by measuring the intensity of absorbed radiation at each particular
wavelength. Typically, a mathematical function transformation technique known as
Fourier Transform is used to continuously and simultaneously record the
transmitted radiation wavelengths and corresponding intensities. Therefore, the
technique is commonly referred to as Fourier Transform Infrared (FTIR)

spectroscopy.

Different sample preparation techniques are used in FTIR spectrometers
depending upon the type of material to be examined (i.e. liquid, powder or solid).
For liquids, the sample is prepared in the form of a very thin film (approximately 2

pm) by pressing the sample between two crystalline discs. Commonly used

? Arrows show the relative motion of atoms within the plane of page and “+” and “—” signs indicate motion
perpendicular to the plane of page, towards and away from the reader respectively.
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materials for discs include pure salts such as sodium chloride (NaCl), calcium
fluoride (CaF;) and barium fluoride (BaF;) which are IR transparent. For solids, the
same method can be used by melting the solid and pressing it between the two
crystals. In the case of powders and solids, a cast film technique is also employed
whereby the material (i.e. solid or powdered) is dissolved in a suitable solvent. A
drop of this solution is deposited and subsequently dried in order to evaporate the
solvent and obtain a thin film of the sample. Another method commonly used for
solids and powdered materials involves the crushing of the material with a salt
such as potassium bromide (KBr) to produce a fine powdered mixture. This
mixture is then pressed in a die to produce a pellet with the sample material
suspended in the KBr and this pellet is used as the sample to be analysed by
FTIR spectrometer. This method is typically employed when it is difficult to
produce a thin film by melting the solid and/or when the material is not soluble in

any appropriate solvent [205].

To obtain IR spectra of solids, a technique known as Total Attenuated Reflectance
(ATR) is also used. This technique is based on the reflection caused by a
difference in the refractive index of two materials. When a radiation beam enters
into a low refractive index (rarer) medium from a high refractive index (denser)
medium, some fraction of radiation is reflected back. The amount of reflected
radiation is a function of angle of incidence of the beam and therefore, increases
as the angle of incidence increases. If the beam enters the medium at an incident
angle greater than a critical angle, all the radiation is reflected back. Also, before
reflecting back, the radiation penetrates a few micrometers (um) into the less
dense medium and this penetration is termed an evanescent wave. The intensities
of the reflected radiations related to those frequencies which the material absorbs
due to its chemical structure, are reduced and the IR spectrum of the sample is
thus achieved. The sample (i.e. material to be analysed) is pressed against a
crystal of high refractive index and low IR absorbance in order to obtain an IR
spectrum using ATR. Typical crystals used in ATR include diamond, zinc selenide

(ZnSe), silicon and germanium [202,205].

In order to understand the changes caused by heating the samples, it was
decided to perform Fourier Transform Infrared (FTIR) of samples before and after
heating. For Pluronic F-127 and F-127 in ethylene glycol, a Shimadzu FTIR-8400S
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spectrometer was used to analyse all the samples with a standard deuterated L-
alanine doped triglycine sulphate (DLaTGS) detector. Spectral resolution was 4
cm™ and infrared (IR) spectra were recorded by scanning 64 times for each
measurement. IR spectra for all the F-127 in ethylene glycol samples were
obtained by sandwiching the sample between two round (25 mm diameter x 4 mm
thick) sodium chloride (NaCl) crystal windows whereas the IR spectra for Pluronic
F-127 was obtained by using the Attenuated Total Reflectance (ATR) technique
with a diamond crystal. For MC, due to its powdered state, the KBr pellet method
was used to obtain the IR spectra. Due to the high concentration of MC, 20% MC
in any of the three glycols could not be sandwiched between NaCl crystals,
therefore, IR spectra of these samples were obtained using the ATR technique.
Hot stage FTIR-ATR was performed on 20% MC in ethylene, propylene and
butylene glycol using a Bruker Tensor 27 spectrometer with a spectral resolution
of 4 cm™ (scanned 64 times). Each sample was placed on the ATR cell (Golden
Gate, Graceby-Specac). FTIR spectra were obtained at different temperatures
during cooling and heating and an equilibrium time of 2 minutes at each

temperature was used.

3.7 Hot Stage Microscopy

Optical microscopy is an experimental technique which is frequently used to
observe physical phenomena that are difficult to observe with the naked eye.
Observing the samples using an optical microscope while they are being heated
using a hot stage provides useful information about changes in the physical state
of the samples with respect to temperature. Therefore, hot stage microscopy of
selected samples was performed using a Leica DM/LM microscope. An objective
lens of 10x magnification with a total magnification of 100 times was used to
observe the samples. The microscope was setup for transmitted light and crossed
polarisers were used to observe the samples for any change in the crystalline
state during heating and cooling. A Mettler Toledo FP90 central processor was
used to control the temperature during microscopic examination of the samples
and they were mounted on the microscope slide using a Mettler Toledo FP82HT
hot stage. Samples for microscopic examination were prepared carefully by
dropping a small volume of the material on a glass slide (76mm x 26mm, 0.8mm

to 1.0mm thick) and placing a cover slip on top of the sample. All the samples
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were heated from 25 to 150°C using a heating rate of 5°C/min and were kept at
150°C for 1 min. The maximum temperature for Pluronic in ethylene glycol
samples was restricted to 100°C. The reason for heating up to 100°C was that if
the sample was heated to 150°C, it flowed out of the field of view making it difficult
to observe during the cooling process. Samples were cooled at natural cooling
rate. The images were captured using a JVC colour video camera at 1 frame per
second. A video file was recorded for each sample and images at the desired
temperature were obtained from the recorded files using a video file playback,

editing and image capturing software (Studio Player version 3.0).

3.8 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermal analysis technique which is
based on measuring and comparing the heat absorbed (or released) by a sample
and a reference with respect to the temperature [206]. The sample is typically
contained in a small metallic container (pan), as shown in Figure 3-4 whereas a
similar empty container is used as the reference. Typical sample size is between
10-20 mg. Both the sample and the reference pans are heated/cooled at a
controlled rate inside a closed chamber and the difference in the heat flow
between the two pans is recorded. During any phase change process such as
melting or crystallisation, the heat flow to or from the sample pan is different than
the reference pan. Thus, by recording the differential heat flow between the two
pans, when the sample absorbs heat (i.e. during melting), an endothermic peak is
obtained whereas if the heat is rejected by the sample (i.e. typically during
crystallisation), an exothermic peak is obtained. Flow of an inert gas (commonly
nitrogen) is also maintained inside the heating chamber to ensure a dry
atmosphere and to avoid possible oxidation that can be caused by the presence of
air. The technique is commonly employed to find the melting temperature and/or
crystallisation temperature of polymers. DSC of selected samples was performed
in order to observe endothermic and exothermic changes and to observe the
melting temperature during heating and crystallisation/solidification temperature
upon cooling of different samples. The equipment used for the DSC was a DSC
Q200 from TA Instruments. Three different samples of each selected composition
were tested and the approximate weight of each sample tested was 15 +3 mg. All

the samples were prepared in hermetically sealed aluminium pans with lids (see
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Figure 3-5) and placed in the heating chamber. Nitrogen gas (N») was supplied to
the heating chamber at a rate of 50 cm®min. All the samples were heated from 15
to 150°C and cooled back to 10°C using heating/cooling rates of 5°C per minute.
Isothermal conditions (thermal equilibrium) were maintained at the maximum

temperature for one minute for all samples.

Pan Lid 6.10
+—450—»!
Lid
155
ngﬂ
J, _\ Pan |f
L‘_4-50 Closed
< 6.80 >

Figure 3-4. Hermetically sealed aluminium DSC pan and lid

3.9 X-Ray Diffraction

X-ray diffraction (XRD) is a commonly employed analytical technique for
crystallographic analysis and can be used for characterization of polymers [207].
X-rays of known energy and wavelength are allowed to strike the surface of the
sample at a specified range of incident angles. By recording the diffraction pattern
created after the X-rays strike the sample, information about the presence of
amorphous or crystalline phases present in the sample is provided. In order to
determine changes in the ordering of the molecular arrangement (i.e. crystalline or
amorphous) caused by heating and cooling of the samples, X-ray diffraction (XRD)
of the highest concentration samples was performed. XRD was performed using a
Bruker D8. All the samples were analysed between 26 = 1° to 30° at a scan speed
of 0.02%second using CuKa radiation (wavelength = 1.5418 A, 40kV and 40 mA).
A sample holder, shown in Figure 3-5, was used to hold the samples during XRD
measurements. The sample holder was formed by sticking a metallic plate
(dimensions shown in Figure 3-5(b)) on a glass slide having dimensions 23 x 56

mm.
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Figure 3-5. Sample holder used for XRD measurements

3.10 Viscosity Measurements

The viscosity of a liquid is considered a key parameter in determining its jettability
as well as the quality (i.e. resolution) of the printed pattern [17,21,208]. The
viscosity of a liquid is a strong function of temperature and in order to be jetted
using a piezoelectric inkjet head, the viscosity value must be within 0.5-40 mPa.s
[18]. In order to quantify the observations made during heating and cooling of the
samples and to analyse the behaviour of gels at high temperatures and shear
rates to evaluate their suitability for jetting, viscosities of selected samples were
measured. Viscosity measurements were performed using an Anton Paar Physica
MCR 101 bench-top rheometer. Parallel plates (diameter 25 mm) with a gap of 1
mm were used to measure the viscosity (Figure 3-6). Although, using a cone and
plate typically gives better shear profile, a parallel plate arrangement was used
because of the gelation of compositions upon cooling. Viscosities of selected
samples were measured at constant temperatures of 50, 60, 70, 80 and 90°C. At
each temperature, the shear rate varied linearly from 100 to 1500 s in 5 minutes

and 15 measuring points were used between this interval to record the viscosity.
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Figure 3-6. Parallel plate arrangement used for viscosity measurements (dimensions in mm)

3.11 Surface Tension Measurements

The surface tension of a liquid is also an important characteristic which affects the
jettability of the liquid at a given temperature. The spherical shape of the droplet
ejecting from the nozzle is mainly due to the surface tension [21]. Surface tension
is a weak function of temperature and the required range for inkjet printing is 20-
70 mN/m [18]. The contact lamella method was used to measure the surface
tension values of samples. In the contact lamella method, the liquid for which the
surface tension is to be measured is held in a specially shaped container shown in
Figure 3-7. A cylindrical shaped test body (Figure 3-8) is brought into contact with
the liquid. Typically, less than half of the spherical head of the test body is
immersed inside the liquid. Due to its wetting characteristics, the liquid forms a
curvature around the test body and thus a lamella is formed. By measuring the
lamella contour at equilibrium (i.e. between surface tension and weight of liquid)
the surface tension of the liquid is calculated. Surface tension measurements of
selected samples were carried out at 80°C using Dataphysics OCA 20 contact
angle equipment. The sample was heated to 80°C and was poured into the
sample container. The amount of sample used was such that it filled the cavity of
the container and completely wet the top surface of the container. The container
was then held inside a thermal chamber (TEC 400) and the temperature was held
at 80°C with a temperature controller (TC 400). Before measurement, the sample
was stabilised for approximately 30 minutes to ensure thermal equilibrium. The
test body was brought into contact with the surface of the sample so that a lamella

contour was formed (Figure 3-8). The shape of the formed lamella contour was
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detected using a CCD camera (included with the OCA 20) and the SCA 20
software. The software (SCA 20) utilized the lamella contour information obtained

by the camera and the Young — Laplace equation to calculate the surface tension

value of the sample.
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Figure 3-7. Sample container and test body used for surface tension measurements
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Figure 3-8. Measurement of surface tension by lamella method

3.12 Texture Analysis

Texture analysis is a technique commonly employed in the food industry for
measuring the sensory effects perceived by mouth and/or fingers such as the
mechanical properties and surface structure of food items [209]. Commonly
measured properties using texture analysis include hardness, toughness,
tackiness, flowability, and compressibility. The technique mainly involves use of

compressive force and probes of different shapes to evaluate different properties.
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Both food gels and non-food gels (i.e. used in cosmetics, pharmaceutics and hair
products) can be physically characterised using texture analysis. In order to
investigate the behaviour of selected (i.e. suitable for jetting) gels under the action
of a compressive force, texture analysis was performed and force — displacement
graphs were obtained. The texture analysis was performed using a TA.XT plus
texture analyser (Stable Micro Systems). A 15 mm diameter cylindrical probe
(Perspex) was used. Pre test speed was 10 mm/second and the trigger force was
2.5 g. Test speed was 1 mm/second and the penetration distance, over which the
compressive force was measured, was 5 mm. Data was acquired at a rate of 200
points per second. The sample was placed on the platform of the texture analyser
so that both the sample (i.e. gel) and the cylindrical probe were nearly concentric.
Five samples of each concentration were tested to confirm the repeatability of the

results.
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4 Pluronic F-127 Based Compositions

4.1 Introduction

This chapter presents experiments performed on compositions prepared by
dissolving (mixing) Pluronic F-127 in different solvents. Initially, water based
solutions were studied for their gel formation tendencies and later on, in order
to observe gel formation at temperatures higher than the boiling point of water
(i.e. up to 150°C) other solvents such as formamide and a variety of glycols
were also investigated. Apart from heating of samples to observe gel
formation, FTIR, DSC and hot stage microscopy of selected samples of
Pluronic in ethylene glycol were also performed to understand and characterize

the behaviour with ethylene glycol as a solvent.

4.2 Thermo Gravimetric Analysis (TGA)

In order to find the loss of weight at high temperatures and to determine the
volatility of each solvent, TGA of all the solvents was performed and the results
are presented in Figure 4-1. The volatility at higher temperatures (e.g. at
150°C) of these alcohols is evident from the TGA results. Considerable weight
was lost by all four alcohols (see table 4-1). Ethylene glycol was the least
volatile of these alcohols as more solvent remained at 150°C compared to the

other three alcohols.
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Figure 4-1. TGA results of the solvents used in the project
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Weight %
Temperature
0 Ethylene | Propylene | Butylene
(°C) Formamide y Py Y Octanol
Glycol Glycol Glycol
150 75.62 76.18 49.89 72.22 29.43

Table 4-1. Weight percentage of each solvent remaining at 150°C

4.3 Sample Heating

4.3.1 Water based Samples
Four different samples were prepared with concentrations of 15, 20, 25 and

30% (w/w) of Pluronic in water. The heating results of these samples are

summarized in Figure 4-2 whereas a temperature — concentration graph is

presented in Figure 4-3.
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Figure 4-2. Behaviour of Pluronic — Water samples
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Figure 4-3. Temperature — concentration graph for Pluronic — Water samples

During solution preparation, all these samples showed agglomerate formation
but after mixing, when they were kept in the refrigerator (i.e. between 2 — 4°C)
for 24 hours, the agglomerates dissolved and were clear liquids (Figure 4-4.a).
The sample with the highest Pluronic concentration (i.e. 30%) formed a gel at
15°C whereas 20 and 25% samples turned from solution to a gel state at 25°C
and 20°C respectively. The lowest concentration sample studied (i.e. 15%) did
not show any gel formation at any temperature. Also, the gel formed by the
20% sample melted between 70 - 80°C and turned into a clear liquid at 80°C.
At 90°C, both 30 and 25% were still in a gel state whereas the 20 and 15%
samples were liquids (Figure 4-4.b). Upon cooling, the 20% sample again
converted into a gel state between 70 — 60°C but no change in the state of
other three samples was observed. As the samples were cooled down to 25°C,
the 20% sample started to become liquid (Figure 4-4.c). Similarly, the 25%
sample turned into liquid at 15°C. The 30% sample did not melt and remained

as a gel at 10°C.
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Figure 4-4. Pluronic — Water samples at different temperatures (a) 4°C, all samples are
liquid (b) 90°C, 15 and 20% are liquid whereas 25 and 30% are gel (c) after cooling at
25°C, 15 and 20% are liquid whereas 25 and 30% are gel

4.3.2 Non-Aqueous Solvents

Water has a boiling point of 100°C at atmospheric pressure, whereas for the
jetting of caprolactam, the build chamber is expected to be at a higher
temperature (i.e. around 150°C), so it was necessary to use a solvent with a
higher boiling point (approximately 175°C or higher) to make sure that upon
heating, the solvent was not boiled out of the solution. The literature revealed
that non-aqueous solvents used to dissolve pluronic materials are mainly from
the family of alcohols such as methanol, ethanol, propylene glycol, glycerol
[130-133,140,141,147,210]. The literature also revealed that all these
alcohols/non—aqueous solvents were mainly used in conjunction with water as

the solvent. However, Alexandridis demonstrated gelation in formamide as a
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solvent without adding water [140,145-147]. Therefore, it was decided to use
formamide as the solvent for gel formation. As no information was found in the
literature which studied Pluronic in an alcohol without using water, it was

decided to use 1-octanol, ethylene glycol, propylene glycol (1,2—propanediol)

and butylene glycol (1,3-butanediol) due to their higher boiling points, as
solvents to observe gel formation.

4.3.2.1 Formamide

Five different Pluronic in Formamide solutions were prepared with

concentrations ranging from 15-35% (w/w) in increments of 5%. The
observations during heating of the samples are summarized in Figure 4-5.

Based on the observations, a temperature — concentration graph was plotted
as shown in Figure 4-6.
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Figure 4-5. Behaviour of Pluronic — Formamide samples
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Figure 4-6. Temperature — concentration graph for Pluronic — Formamide samples

Except for the 35% sample which was a gel at temperatures as low as 4°C, all
the other samples (i.e. 15-30%) were liquid at 25°C (Figure 4-7.a). Both the
15% and 20% solutions remained as liquid solutions up to 150°C whereas the
three higher concentrations showed gel formation at different temperatures.
The highest concentration (35%) solution was a gel at all temperatures up to
150°C whereas the 30% solution formed a gel at approximately 30°C and the
25% solution formed a gel between 40-45°C. These gels persisted upon
reaching 150°C (Figure 4-7.b). As the samples were allowed to cool down, the
25% sample converted from gel to solution (liquid) between 35 — 30°C and at
25°C, only the 30 and 35% samples were gel (Figure 4-7.c). The 30% sample

showed the gel — solution transition between 25-20°C.

Since the 35% sample was a gel, therefore, during the transfer of this gel from
the bottle in which the mixing was performed, into the sample tube resulted in
breaking of the gel structure. Due to this breaking, the gel which was clear
looked turbid in Figure 4-7 and since it did not melt during the heating cooling,

the appearance remained same during heating and after cooling.
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Figure 4-7. Pluronic — Formamide samples at different temperatures (a) 25°C (b) 150°C
(c) 25°C (after cooling)

4.3.2.2 Alcohols
To analyze the behaviour of Pluronic in alcohols, 25% (w/w) samples in each

solvent (i.e. ethylene glycol, propylene glycol, butylene glycol and octanol)
were prepared. The behaviour of the alcohol based samples during heating
and cooling and reheating (i.e. second heating cycle) are summarized in Figure
4-8. The samples after the first heating cycle did not return to their original
state and formed a solid, therefore, to determine the behaviour of the solidified

samples upon heating, a second heating cycle was performed.
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Figure 4-8. Behaviour of 25% Pluronic in octanol, ethylene glycol (EG), propylene glycol
(PG) and butylene glycol (BG)
All four alcohol based samples showed similar behaviour upon mixing, as F-
127 remained insoluble and formed turbid liquids (Figure 4-9.a). Upon heating,
all the samples started turning clear around 35°C. Between 35-45°C, all the
samples turned completely clear liquids indicating dissolution of Pluronic in all
the alcohols within this temperature range. Increasing the temperature up to
150°C did not change the state of the samples and all the samples remained
clear liquids at 150°C (Figure 4-9.b). The samples were allowed to cool down
to the initial temperature. During cooling, it was observed that between 50—
60°C, the ethylene glycol solution turned into a soft gel whereas the other three
samples were clear liquid solutions (Figure 4-9.c). Upon further cooling, all the

samples became white soft solids near 25°C (Figure 4-9.d).

The samples were allowed approximately 24 hours at room temperature (i.e.
20°C) before a reheating experiment was started. At the start of reheating (i.e.
at 25°C) all the samples were soft white solids, as at the end of the first heating
cycle. Upon increasing the temperature, the octanol sample started melting
and turning clear at 30°C whereas no significant change was observed in the
other three samples. At 35°C, the propylene glycol and butylene glycol
samples also started melting into clear liquids whereas the ethylene glycol

sample started turning clear but did not melt (did not show any meniscus
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movement) and remained as a gel. At 45°C, all the samples were completely
clear with ethylene glycol being a clear gel and the other three being clear
liquids. Increasing the temperature resulted in melting of the gel formed by the
ethylene glycol sample between 60-70°C. At 150°C, all the samples were in
the liquid state similar to that observed during the cooling in the first cycle.
Cooling the samples resulted in the formation of a gel state for the ethylene
glycol sample near 60°C whereas the other three samples were clear liquids.
Further cooling resulted in the appearance of turbidity in the octanol sample at
30°C. Turbidity started to appear in the butylene glycol and propylene glycol
samples in the range of 25 — 30°C. Upon reaching 25°C, the three samples
were white soft solids whereas the ethylene glycol sample was a clear gel
(Figure 4-9.e). The appearance of turbidity at this temperature was observed in
the ethylene glycol sample and it turned into a white solid state in

approximately 5-10 minutes.
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Figure 4-9. Pluronic F-127 in (1) octanol (2) ethylene glycol (3) propylene glycol (4)
butylene glycol at different temperatures (a) 20°C (b) 150°C (c) during cooling at 50°C (d)
cooled down to 20°C (e) after reheating at 25°C
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4.3.2.3 Ethylene Glycol Based Samples
Since the ethylene glycol based sample showed gel formation, it was decided

to further investigate the behaviour of Pluronic F-127 in ethylene glycol.
Pluronic in ethylene glycol samples were prepared at four different
concentrations (10-25%, increment of 5%). Figure 4-10 presents a summary of

observations made during heating and cooling of these samples during two

cycles.
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Figure 4-10. Observed behaviour of Pluronic — ethylene glycol samples during heating
and reheating cycles
All four samples were turbid solutions at room temperature (Figure 4-11.a)
which reflected the insolubility of Pluronic in ethylene glycol. As the
temperature increased, the solutions started turning clear around 35°C and all
four samples were completely clear solutions at 50°C. All four samples
remained clear liquids up to 150°C (Figure 4-11.b). After reaching 150°C, the
solutions were allowed to cool to room temperature. As the solutions cooled,
the 25 % solution was a clear, soft gel near 50°C whereas the other three
samples were liquid at this temperature (Figure 4-11.c). Further cooling to near
25°C resulted in appearance of turbidity in all samples. Also, all samples
turned into white, soft (wax like) solid between 20-25°C (Figure 4-11.d). The
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samples were allowed approximately 24 hours at room temperature (i.e. 20°C)

before a reheating experiment was started.
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Figure 4-11. Pluronic in ethylene glycol samples at (a) 20°C (b) 150°C (c) 50°C, during
cooling (d) cooled to 20°C
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At the start of reheating, all four samples were soft white solids. Upon
increasing the temperature to 35°C, all samples started to become clear. Also,
the three low concentrations (i.e. 10, 15 and 20%) started turning liquid
whereas the 25% sample was a gel at 35°C. At 50°C, the 25% sample was a
clear gel whereas the other three samples where clear liquids. Between 50 —
60°C, the 25% sample melted into a clear liquid. All samples remained clear
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liquids up to 150°C. Upon cooling, a similar trend was observed as in the case
of cooling after the first heating cycle. The viscosity of the 25% sample
increased and it turned into a clear gel near 60°C. All other samples remained
liquid at this temperature. Further cooling resulted in appearance of turbidity in
the samples near 25°C which led to appearance of the same white soft solid

structure as appeared at the end of the first heating cycle.

4.3.3 Fourier Transform Infrared (FTIR) Spectroscopy

All four ethylene glycol based samples were subjected to FTIR analysis and
spectra were measured for each sample before and after heating. Figure 4-12
shows the IR spectra (transmittance) for the Pluronic F-127 and ethylene
glycol. FTIR spectra of the F-127 in ethylene glycol samples before heating
(liquids) and the same samples after heating (solids) are shown in the Figures
4-13 and 4-14 respectively. Table 4-2 summarises the FTIR frequencies
obtained for ethylene glycol, Pluronic F-127 and the four Pluronic in ethylene
glycol solutions in the liquid state (i.e. before heating) and in the solid state (i.e.
after heating) along with the functional groups assigned to these frequencies.
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Figure 4-12. FTIR spectra of Pluronic F-127 and Ethylene glycol
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Figure 4-13. FTIR spectra of Pluronic in ethylene glycol (liquids)
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Figure 4-14. FTIR spectra of Pluronic in ethylene glycol (solids)
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Ethylene | Pluronic . Pl_uronic — Ethylene Glycol s<_>|utions _ Functional Group .
Glycol F-127 Liquid Solid (after heating) Assi nment3 Peak Related to
10% | 15% | 20% | 25% | 10% | 15% | 20% | 25% g
840 CH> rocking PEO,PPO
864 864 864 864 864 864 864 864 862 CH> rocking EG
883 883 883 883 883 883 883 883 883 CH> rocking EG
947 943 945 947 949 949 950 949 949 CH> rocking PEO, PPO
960 964 962 964 962 CH> rocking, C-O-C stretching PEO
1041 1039 1041 1043 1043 1041 1043 1041 1041 CHa rocking, C-O-C stretching EG
1058 CH> rocking, C-O-C stretching PEO
1085 1085 1082 1089 1085 1085 1085 1085 1087 C-O-C stretching EG
1101 C-O-C stretching PEO, PPO
1145 1149 1147 1149 1147 C-O-C stretching, C-C stretching PEO
1205 1205 1205 1205 1205 1205 1205 1205 1203 CH, twisting EG
1242 1244 1242 1242 1244 CH twisting PEO, PPO
1255 1253 1253 1253 1253 1251 1251 1251 1251 CH twisting EG
1278 1278 1278 1278 1278 1280 CH> twisting PEO, PPO
1330 1342 1342 1342 1342 1342 1346 1340 1340 1348 CHz wagging EG, PEO, PPO
1359 1359 1359 1359 1359 CH2wagging, C-C stretch PEO
1373 1371 1371 1371 1371 1371 1371 1373 1373 CH3 symmetric deformation PPO
1411 1410 1410 1410 1410 1410 1410 1410 1406 CH2wagging, C-C stretching EG
1452 1454 1454 1456 1454 | 1454 1454 1454 1454 CH2SCiSZ";;Or?n'liiiiymmet”c EG,
1465 1464 1462 1464 1464 CHs asymmetric deformation PPO
1658 1658 1658 1658 1658 1658 1658 1658 1658 OH bending EG
2877 2879 2877 2879 2879 2879 2877 2877 2877 2877 Symmetric C-H stretch of CHz EG, PEO, PPO
2939 2937 2937 2939 2945 2939 2941 2937 2933 | Antisymmetric C-H stretch of CH, EG
2970 Antisymmetric C-H stretch of CH3 PPO
3346 3346 3346 3346 3346 3346 3346 3346 3346 OH stretching EG

Table 4-2. Peaks obtained for different samples used in the FTIR spectroscopy

} Assignments are based on references [213-219]
*PPO = polyethylene oxide, PEO = polyethylene oxide, EG = ethylene glycol
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4.3.4 Hot Stage Microscopy

Hot stage microscopy of Pluronic F-127, and 25% F-127 in ethyelene glycol
samples before and after heating was performed to observe the change in the
crystalline behaviour of samples upon heating. Figure 4-15a and b depict the
micrographs of Pluronic F-127 at 25 and 55°C showing the presence of crystalline
structure at these temperatures while Figures 4-15c represents completion of
melting of Pluronic F-127 at 58°C. Figure 4-15d represent the start of
crystallization near 38°C and Figures 4-15e and f represent crystallized Pluronic F-
127 at 36°C and 25°C respectively. Similarly, Figures 4-16a and b represent the
micrographs obtained at 25 and 40°C respectively, showing the presence of
crystalline structure due to the presence of undissolved F-127 particles. The onset
of dissolution of F-127 in ethylene glycol near 43°C is visible in the micrograph
shown in Figure 4-16¢c whereas Figure 4-16d depicts complete dissolution of F-
127 in ethylene glycol. The behaviour of the 25% F-127 in ethylene glycol sample
upon cooling is presented in Figures 4-17a to d. The onset of crystallinity near
28°C is shown in Figure 4-17b whereas growth of the crystalline structure at 25

and 24°C is shown in Figures 4-17c and d respectively.
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Figure 4-15. Micrographs of Pluronic F-127 at (a) 25°C (b) 55°C (c) 58°C (d) 38°C, during

cooling (e) 36°C, during cooling (f) 25°C, cooled down
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Figure 4-16. 25% F-127 in ethylene glycol during heating at (a) 25°C (b) 40°C (c) 43°C
(d) 46°C

Figure 4-17. 25% F-127 in ethylene glycol during cooling at (a) 30°C (b) 28°C (c) 25°C
(d) 24°C
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4.4 Differential Scanning Calorimetry

Differential scanning calorimetry of Pluronic F-127, 25% F-127 in ethylene glycol
(liquid) sample and 25% F-127 in ethylene glycol after heating (i.e. solid) sample
were performed and the resulting endothermic and exothermic curves are
presented in Figure 4-18. The change in enthalpy during melting (heating) and
crystallisation (cooling), calculated from the DSC curves for these samples along
with the corrected values for 25% F-127 are presented in the Table 4-3. Upon
heating, Pluronic F-127 showed a melting peak at 58.8°C whereas during cooling,
the recrystallisation occurred at 35.1°C. The melting peak for 25% F-127 in
ethylene glycol occurred at 42.7°C, representing the dissolution temperature of F-
127 in ethylene glycol and the same sample then showed an exothermic peak at
16.2°C representing crystallisation of F-127 in ethylene glycol upon cooling.
Endothermic and exothermic peaks for the 25% F-127 in ethylene glycol (solid)
were obtained at 39.2°C and 9.8°C respectively. These crystallisation peaks
obtained by the DSC are below room temperature which is because the sample
cooling in DSC was performed at a controlled rate (i.e. 5°C/min) to ensure
comparable heating and cooling curves. In contrast, the heating and cooling of
samples in glass tubes and during hot stage microscopy, the cooling was
performed under natural cooling rate and thus the crystallisation temperatures

achieved during DSC are lower than room temperature.
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Figure 4-18. DSC curves for Pluronic F-127, 25% F-127 in ethylene glycol (Liquid) and 25%
F-127 in ethylene glycol (solid)

Heating | Cooling

Sample
P (Jig) (Jig)
F-127 114 109
Value corrected for 25% 58 5 97
F-127
25% F-127 in I6 1 14

Ethylene Glycol (Liguid)

25% F-127 in 71 83 18
Ethylene Glycol (Solid)

Table 4-3. Enthalpy values for F-127 and F-127 in ethylene glycol (liquid and solid)

4.5 Viscosity Measurements

The viscosity of ethylene glycol and 25% F-127 in ethylene glycol were measured
at constant temperatures (i.e. 50 to 90°C, increment 10°C) and the shear rate was

varied between 100-1500 s™'. These viscosity curves (log-log) are shown in the
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Figure 4-19 and the values at the highest shear rate (i.e. 1500 s™') are listed in the
Table 4-4.
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Figure 4-19. Viscosity of ethylene glycol (EG) and 25% F-127 in ethylene glycol at different

temperatures and shear rates

Viscosity at 1500 s™ (mPa.s)
T(°C)
EG 25% F-127 in EG
70 9.8 325
80 8.8 230
90 7.9 170

Table 4-4. Viscosity values for ethylene glycol and 25% F-127 in ethylene glycol

4.6 Discussion

4.6.1 Water Based Samples

The observed behaviour of F-127-water samples conforms to the results obtained
by Schmolka [134], Mortensen [124], Mortensen and Brown [135], Pandit and
McGowan [128], Cabana et al [125], Guzman [127], Wanka et al [115] and
Malmsten and Landman [137]. As discussed in the literature review (i.e. chapter
2), this gel formation was attributed to the conversion of unimers into micelles
upon heating and subsequent entanglement of the formed micelles into lyotropic

liquid crystalline structures upon further heating. As the gel is allowed to cool, the
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micellar entanglements become weak and the gel melts into a solution state. For
lower concentration samples (i.e. 15% or less), the number of micelles present is
not enough to cause the formation of a gel, therefore, the gel formation of
aqueous solutions of Pluronic F-127 was only observed for higher concentrations
(i.e. 20% and higher).

4.6.2 Non-Aqueous Solvents

4.6.2.1 Formamide

The formamide based F-127 solutions had a gel formation similar to the aqueous
F-127 solutions. However, it is clearly seen that the 20% F-127 in formamide did
not produce gel formation at any temperature up to 150°C whereas 20% aqueous
F-127 formed a gel near 25°C. Similarly, the 25% F-127 — formamide sample
formed a gel near 45°C as opposed to 20°C for the same concentration in water.
These results, therefore, confirm the findings of Alexandridis [140,145-147] who
concluded that for Pluronics, formamide shows enhanced solvency than water and
relatively smaller sized micelles are formed in formamide than in water. The
results obtained for F-127 — formamide (Figures 4-5 and 4-6) clearly showed that
formamide based solutions required a higher temperature and/or concentration to
form a gel. In the literature there was no reference to gel formation at higher
temperatures (i.e. higher than 100°C) for F-127 — formamide solutions. These
results show that the gel formed by F-127 in formamide can persist up to 150°C.
The F-127 — formamide samples produced a gel state at high temperatures (i.e.
150°C). However, the possible decomposition of formamide into harmful products
[211] such as carbon monoxide, carbon dioxide, nitrous oxides and hydrogen

cyanide led to its exclusion as a solvent for the current study.

4.6.2.2 Alcohols
Although the effects of alcohols on aqueous solutions of Pluronics have been

studied before [129,132,133,141-144,148,212], none have used an alcohol as a
solvent alone (i.e. without water). As seen in Figures 4-8 and 4-9, F-127 remained
undissolved in all the glycols and octanol. However, upon heating, the solubility of
F-127 increased and was dissolved, forming a clear solution in all four solvents.
Upon cooling, a gel phase was formed with the ethylene glycol sample and an

explanation of this gel phase will be presented in the following section. All four
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samples, upon cooling, turned into white wax like solids. The formation of this solid
can be due to the re-solidification of the PEO and PPO chains upon cooling. As
the chains are cooled down and the solidification starts, the solvent is entrapped
between the chains of PEO and PPO and thus a soft, wax like solid structure
forms. No gel formation was produced by octanol, propylene glycol and butylene
glycol based samples. The ethylene glycol based sample formed a gel state
during cooling, so ethylene glycol was selected for further study and the next
section presents a discussion of the results obtained.

4.6.3 Ethylene Glycol Based Samples

Table 4-2 summarises the FTIR frequencies obtained for ethylene glycol, Pluronic
F-127 and the four F-127 in ethylene glycol samples in the liquid state (i.e. before
heating) and in the solid state (i.e. after heating) along with the functional groups
assigned to these frequencies. The assignments were based on references [213-
219]. It is well known that Pluronic is comprised of blocks of polyethylene oxide
(PEO) and polypropylene oxide (PPO) with a PPO chain centred between two
PEO chains where the PEO is present in both amorphous and crystalline form and
the PPO is preset in the amorphous form [213-217]. Therefore, in Table 4-2, the
FTIR frequencies for all the samples have also been related to the structural
components of the composition (i.e. ethylene glycol, PPO, PEO). The bands at
840, 947, 960, 1058, 1101, 1145, 1242, 1278, 1342, 1359, 1465, and 2879 cm"
are the characteristic peaks related to the PEO structure in the Pluronic F-127.
Similarly, the bands due to PPO include 840, 947, 1101, 1242, 1278, 1342, 1373,
2879 and 2970 cm™. Ethylene glycol gives rise to bands at 864, 883, 1041, 1085,
1205, 1255, 1330, 1411, 1452, 1658, 2939 and 3346 cm™. It is worth noting here
that some of these bands, such as 840, 947, 1101, 1242, 1278, 1342 and 2879
cm’', can be associated with both the PPO and PEO parts of Pluronic since both
contain similar groups (e.g. CH,, C — O). Compared to the bands related to the
PPO, a large number of bands in the Pluronic F-127 spectra are related to the
PEO which is due to the relatively high proportion of PEO chains in the F-127
molecule (i.e. 70% PEO, 30% PPO). From FTIR results (Figures 4-12 to 4-14 and
Table 4-2) it is clear that some of the peaks (840, 1058, and 1101 cm™)
associated with PEO disappear in the liquid samples whereas the remaining
bands associated with PEO (960, 1145, 1242, 1278, 1359, 1465 cm™) also
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disappear in the solid samples (i.e. after heating). Bands associated with PPO (i.e.
840, 1101 and 1270 cm'1) disappear in all the samples whereas PPO bands at
960, 1145, 1242, 1278 cm™ disappear in the solid samples. All the bands
associated with ethylene glycol appear in all the samples. The behaviour of
solutions upon heating can thus be explained on the basis of these results along
with the micrographs and DSC of Pluronic F-127 and 25% Pluronic in ethylene
glycol solution as follows.

Loss of Turbidity near 50°C

When the Pluronic F-127 is mixed in the ethylene glycol, both PEO and PPO
present in the Pluronic F-127 are insoluble as indicated by the presence of
crystals in the 25% solution at 25 and 40°C (Figures 4-16a and b), resulting in
turbid liquids at this temperature. A straight forward reason for the disappearance
of turbidity could be the melting of Pluronic F-127 near 50°C. The melting
temperature of F-127 (as quoted in the data sheet supplied by manufacturer) is
53-57°C. This melting point is also confirmed by both the microscopic image of F-
127 at 58°C (Figure 4-15c) and the DSC of F-127 (Figure 4-18). Therefore,
melting of F-127 can be considered a reason for increased solubility and thus,
appearance of clear solutions near 50°C. However, as suggested by the
disappearance of bands at 840, 1058 and 1101 cm'1, it can be said that some of
the crystalline PEO has dissolved in ethylene glycol. The reason for the
disappearance of peaks associated with PPO (i.e. 840, 1101 and 1270 cm'1) can
be due to the masking of these peaks under the relatively broader peaks
associated with ethylene glycol at 864 and 1085 and 2939 cm™ so PPO is
insoluble and PEO is partially soluble at room temperature in ethylene glycol
resulting in turbid liquids. The remaining PEO bands at 960, 1145, 1242, 1278,
1359 and 1465 cm™ which appeared in the liquid samples, disappeared in the
solid samples indicating increased solubility of PEO as a result of heating to a
higher temperature. Some of these bands (i.e. 960, 1145, 1242, 1278 cm™") are
also associated with PPO so PPO solubility has increased with increasing
temperature. The micrographs of 25% F-127 in ethylene glycol at 43 and 46°C
(Figure 4-16¢ and d) clearly suggest the complete dissolution above 40°C. This

increased solubility of both PEO and PPO can be considered the main reason
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behind the disappearance of turbidity and appearance of clear solutions near
50°C.

Gel Formation by 25% Sample on Cooling near 50°C

As the samples were cooled, the highest concentration solution (i.e. 25%)
converted from a viscous liquid into a soft gel structure near 50°C. As suggested
by the FTIR spectra (Figures 4-12 to 4-14, Table 4-2), the bands associated with
crystalline PEO at 960, 1145, 1242, 1278, 1359 and 1465 cm™ disappeared in all
the samples after they were heated and cooled back to a solid state. The
disappearance of these bands can be caused by a change in the crystalline
structure and/or the conformational structure of the PEO [214]. Also, the
micrographs at 30 and 28°C (Figures 4-17a and b) and DSC curves of both liquid
and solid 25% F-127 in ethylene glycol samples (Figure 4-18) clearly showed the
absence of any crystallisation between 30-50°C. The absence of FTIR bands
associated with crystalline PEO at 960, 1145, 1242, 1278, 1359, 1465 cm™ can
thus be due to a change in the conformational structure of crystalline PEO, as a
change in the conformation of PEO from trans — gauche — trans (igt) in the
crystalline state to gauche — gauche — trans (ggt) upon melting into the amorphous
state has been observed previously [214,220]. From the FTIR results it is clear
that the band near 1242 cm™ disappeared in the solid samples and the intensity of
the band near 1251 cm™ is higher than that of the liquid samples (Figure 4-13 and
4-14). The bands near 1240 and 1280 cm™ were assigned to trans conformation
and the band near 1250 cm™ was assigned to gauche conformation [220,221]
therefore, the disappearance of bands near 1240 and 1280 cm™ and increased
intensity of 1250 cm™ band also presents an evidence of increased gauche

conformation.

Conformation of a polymer is defined as the relative geometric arrangement of the
chemical groups along the polymer chain [202,222,223]. Rotation of the atoms or
functional groups about a carbon to carbon (i.e. C — C) bond results in a change in
the shape of the polymer chain and thus the conformation is said be changed.
Commonly observed conformational structures include ‘frans’ and ‘gauche’
conformations which are caused due to the rotation of carbon atoms along the

chain. To understand the difference between the two conformational structures,
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consider a polymer chain with 6 carbon atoms attached through single bonds
(Figure 4-20). The conformational state (i.e. trans or gauche) for any carbon —
carbon bond, say x, along the chain is defined by the rotational angle between the
two planes created by the C — C bond (x) and its adjacent C — C bonds
respectively (i.e. bonds x-1 and x+1). If the angle between the two planes is zero,
the conformation is termed as trans (Figure 4-20a) whereas if the angle between
the two planes is 120°, the conformation is termed as gauche (Figure 4-20b).
Figure 4-21 shows the two conformations as viewed along the C — C bond. A
polymer chain can show more than one conformation (for example, the structure in
Figure 4-20b is gauche—trans— gauche) depending upon the thermal history of the
polymer and a regular conformational structure (such as all trans, all gauche or
any repeating combination of both) is usually observed in the crystalline state
[222,223].

Figure 4-20. Conformational Structures in a Polymer Chain (a) Trans Conformation at Bonds
between C2-C3, C3-C4 and C4-C5 (b) Gauche Conformation at Bonds between C2-C3 and
C4-C5, plus (+) sign indicates that the bond is perpendicular to the plane of paper
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Figure 4-21. Polymer Chain Conformation as Viewed Along x (i.e. C2 — C3) Bond
(a) Trans Conformation (b) Gauche Conformation

As the conformation changes in a polymer dissolved in a solvent, this can also
result in formation of a gel phase [224]. The gel formation shown by 25% F-127 in
ethylene glycol could thus be caused by this conformational change. Both PEO
and ethylene glycol have strong hydrogen bonding tendencies, therefore the
strong hydrogen bonding between the PEO chains and ethylene glycol as
compared to hydrogen bonding between the less polar PPO and ethylene glycol
resulting in increased polymer to polymer interaction (entanglements) can also be
a cause of this gel formation [225]. Ether oxygen present within the PEO is the
hydrogen bonding site available in these systems and it has been suggested
previously that hydrogen bonding is represented by changes in the C-O-C
stretching and CH, rocking vibrations [221,226,227]. The intensity of the band at
1658 cm™ decreased in the solid samples. This band has been assigned to OH
bending vibration and it has been reported that an increase in hydrogen bonded
OH bonded as opposed to free OH bending results in increased intensity of this
band [228]. Thus, the disappearance of bands near 840, 960, 1958, 1101 and
1145 cm™ along with the reduced intensity of 1658 c¢cm™ band clearly present

evidence of hydrogen bonding in the solid samples. Also, the observation of the
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same solution-to-gel and gel-to-solution transformation temperature (i.e. near
50°C) along with the evidence of lack of crystallinity demonstrated by micrographs
and DSC results (Figures 4-17a,b and 4-16) and the conformational change
represented by the disappearance of PEO peaks suggest that this gel phase could
be an amorphous gel [224,229]. The gel phase formed by F-127 in ethylene glycol
is therefore different from the gels formed by F-127 in water in the way that the
Pluronic in water gels are considered crystalline in nature whereas the gel formed
by F-127 in ethylene glycol can be amorphous as suggested by the results

obtained in this research.

Since the lower concentrations (i.e. 10 — 20%) did not form a gel at any
temperature, it can be said that the polymer — polymer interactions
(entanglements) resulting in gel formation were only observed at a concentration
of 25%.

Formation of Soft Wax like Solids

Further cooling results in appearance of turbidity in all the samples near 25°C
which can be a result of re-solidification of Pluronic F-127 as indicated by the DSC
results (Figure 4-18). This is also confirmed by microscopic images (Figures 4-17a
and b) as at temperatures below 28°C, only a very small amount of crystallised
structure can be seen indicating the absence of crystalline PEO. However, as the
solution is cooled to 25°C, very slow crystal formation was observed (Figures 4-
17c and d). Recrystallisation was observed near room temperature during the
microscopy and heating/cooling experiments since cooling during both these
experiments was performed more slowly whereas during DSC, a faster cooling
rate was used (i.e. 5°C/min). The FTIR spectra of samples after they were cooled
back (i.e. solid) clearly showed that most of the peaks associated with crystalline
PEO have disappeared. Since the conformational structure of PEO has changed,
the appearance of a white, wax like solid state upon cooling back to near 25°C can
be considered as the re-crystallisation of the PEO with a changed conformational
(i.e. less perfect) structure. Enthalpy values during heating and cooling and F-127
and 25% F-127 in ethylene glycol before and after heating obtained from the DSC
curves are presented in Table 4-3. The change in enthalpy for F-127 during

heating (114 J/g) and cooling (109 J/g) is nearly the same. On the other hand, the
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change in enthalpy for 25% F-127 in ethylene glycol during cooling (13.9 J/g) is
significantly reduced as compared to that during heating (26.1 J/g). Comparing the
enthalpy values of 25% F-127 in ethylene glycol to corrected values for 25% of F-
127 also highlights that the change in enthalpy for 25% F-127 in ethylene glycol
during heating is nearly the same as the corrected value for 25% of F-127
whereas the change in enthalpy during cooling is significantly lower than the
corrected value during cooling. This reduced value of enthalpy during cooling of
25% F-127 in ethylene glycol suggests that the ethylene glycol becomes
entrapped between the solidified PEO and PPO structures with some of the PEO
dissolved in ethylene glycol and/or present in the form of gel and thus a white wax
like solid structure appears. When these solids are subjected to compression (i.e.
pressure applied by hands), the ethylene glycol entrapped between solidified PPO
and PEO is released out. The presence of all the bands associated with ethylene
glycol in both liquid and solid samples also confirmed the presence of ethylene

glycol in the resulting solid structure.

The viscosity results (i.e. Figure 4-19 and Table 4-4) show that ethylene glycol has
a very low viscosity at high temperatures (i.e. 70 — 90°C). But, due to the high
concentration of Pluronic, the viscosity of 25% F-127 in ethylene glycol was very
high (i.e. 230 mPa.s at 80°C and 1500 s™', Table 4-4). Therefore, even though the
25% F-127 in ethylene glycol was a liquid at temperatures higher than 50°C, the
high viscosity would make the composition difficult to jet at temperatures near
80°C. However, a jetting head with a higher operating temperature (i.e. higher

than 100°C) could possibly allow the jetting of this composition.
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5 Methylcellulose Based Compositions

5.1 Introduction

Since Pluronic F-127 based compositions did not show a gel formation at
temperatures near 150°C, it was decided to investigate methylcellulose (MC)
based compositions. This chapter presents the experimental results achieved for
methylcellulose (MC) and hydroxypropyl methylcellulose (HPMC) based
compositions. The structure of these polymers is shown in Figure 3-2 (Chapter 3).
Initially, aqueous MC and HPMC solutions were examined to observe reverse
thermal gel formation. Novel compositions utilizing ethylene glycol as a solvent for
both MC and HPMC were prepared and analysed to observe gel formation upon
heating/cooling. HPMC, due to its high molecular weight, did not provide the
required results and was therefore only studied with ethylene glycol as a solvent
whereas MC was further investigated with propylene glycol and butylene glycol.
To explain the changes upon heating and cooling, FTIR, hot stage microscopy,
DSC and XRD were performed on selected MC samples and the results are

presented followed by a discussion of the results.
5.2 Sample Heating

5.2.1 Water Based Samples

Seven different solutions of MC with concentrations of 2, 3, 4, 5, 6, 8, and 10%
(w/w) and 4 solutions of HPMC of concentrations including 2, 3, 4 and 5% (w/w)
were prepared. The reason for not using concentrations higher than 5% for HPMC
was that the solutions above 5% were highly viscous and showed almost no flow
behaviour. Figure 5-1 shows the observed behaviour of aqueous MC solutions in
water upon heating up to 90°C and a temperature — concentration graph is shown
in Figure 5-2. The behaviour of agueous HPMC solutions upon heating, and a
temperature — concentration graph are shown in the Figures 5-3 and 5-4

respectively.
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Figure 5-1. Behaviour of MC — Water solutions during heating and cooling

90

&

20

~J
o

Gel

o
o

i
=]

Solution

Temperature (°C)
L
o

UJ
==

hJ
L=

2%

T T | T

3% 4% 5% 6%

MC Concentration (w/w)

8%

10%

Figure 5-2. Temperature — concentration graph for MC-Water samples

84



5%

e 455

Gel 7 f \'\. ~.~_“~ 3%

y / .II__.' .‘\._"' ..1:‘ 29

- f "'-‘x e
Viscous -— -
i . g o

Liquid
Liguid

= Clear Zhis Turbid = Clear =

T T T T T T T T T T T T 1

25 a5 44 50 &0 70 20 o0 Bd'J 70 0 50 40 a5 25

Temperature “C

Figure 5-3. Behaviour of HPMC - Water solutions during heating and cooling

90

80

Temperature (*°C)
8] P LA an |
L] L] ] ] L]

[
=

T~

Solution

3% 4% 5%
HPMC Concentratin (w/w)

(5]
&

Figure 5-4. Temperature — concentration graph for HPMC-Water samples

5.2.1.1 MC - Water Samples

Methylcellulose in water formed clear solutions at room temperature (i.e. 20°C)
and 25°C (Figure 5-5a). Upon heating these solutions started turning turbid. For
the higher concentrations (i.e. 6 — 10%), turbidity started near 50°C and for 2-5%
samples, it started between 50-60°C. At 60°C, the three higher concentrations
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(i.e. 6 — 10%) were completely turbid and 2-5% samples were partially turbid. Also,
both 8 and 10% samples showed gel formation near 60°C. At 70°C, all samples
were completely turbid and gel formation in 5 and 6% samples was observed. At
80°C, 5-10% samples were turbid gels whereas 2-4% samples were viscous
liquids (turbid). Further increasing the temperature to 90°C did not result in any
change in the state with 2-4% samples remaining as turbid viscous liquids and 5 —
10% samples as turbid gels (Figure 5-5b). Cooling led to a gradual decrease in
viscosity for all the samples. A gel to solution transition was observed for the 5%
sample near 80°C and 6-10% samples showed gel melting near 70°C. Further
cooling resulted in a gradual decrease in the viscosity of all the samples. At 50°C,

the turbidity started to disappear and all the samples turned into clear solutions

near 45°C. At 25°C, all the samples were clear liquids (Figure 5-5c).

5.2.1.2 HPMC - Water Samples
The four aqueous HPMC solutions were clear liquids at 25°C (Figure 5-6a). These
solutions were more viscous compared to the same concentration of MC. Upon

heating, no change was observed until 50°C. At 50°C, the onset of turbidity took
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place in all the samples and at 60°C, the samples were completely turbid viscous
liquids. At 70°C, the 5% sample turned into a soft gel. The 3 and 4% samples
showed gel formation near 80°C. Near 90°C, the 2% sample also turned into a gel.
However, between 80 — 90°C, water separation was observed and the white gel
was surrounded by water (Figure 5-6b). Upon cooling, all four samples showed a
reversible behaviour and the gels melted near 70°C. The turbidity started
disappearing near 50°C and at 45°C, all the samples were completely clear liquids
No further change was observed and all four samples remained clear liquids at
25°C (Figure 5-6c).

Water
Separation

Figure 5-6. HPMC — water samples at (a) 25°C (b) 90°C, water separation is visible (c) 25°C,

after cooling

5.2.2 Ethylene Glycol Based Samples

Qualitative observations of MC and HPMC samples in ethylene glycol are
represented in Figures 5-7 and 5-8 respectively. For these samples, apart from
liquid, viscous liquid and soft gel, strong gel and solid states were also observed.

The term soft gel here represents the gels which are similar to those observed
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with water based solutions but because the gels formed by MC and HPMC
showed an increase in strength with chnge in temperature, strong gel and solid

states were also observed.

=——First Heating Cycle — = Reheating Cycle — =

Solid e, =
—20% \ \
Strong 15%
Gel i LU =) =
Soft 2%
Gel 1% \ /
Viscous | - e -
Liquid | / |
Liquid j
3 2 g 22| 3

T T
= L=y = =
== b = =]

Temperature {OC}

120
150
120

90 -
60 -
25 -

Figure 5-7. Behaviour of MC in ethylene glycol during heating and reheating cycles
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5.2.2.1 MC - Ethylene Glycol Samples

Methyl cellulose did not dissolve in ethylene glycol at any concentration studied
during these experiments (5 — 20%) therefore all MC samples were white turbid
liquids at 25°C (Figure 5-9a). Upon heating these samples, no change was
observed until 90°C. Between 90 — 100°C, the 20% sample showed an increase in
viscosity. Further heating resulted in appearance of brownish golden colour in all
the samples near 130°C.Between 140 — 150°C, the 20% solution formed a soft
gel. The three lower concentration samples (i.e. 5 — 15%) were liquids at 150°C
(Figure 5-9b).

After reaching 150°C, the solutions were allowed to cool under natural cooling.
Upon cooling, the 20% sample turned into a strong gel at 120°C whereas the 15%
sample formed a soft gel. Similarly at 100°C, the 10% sample formed a gel. At
80°C the 5% sample turned into a viscous liquid and the 15% sample changed to
a strong gel. The 20% sample became solid and the 10% sample formed a strong
gel at 60°C whereas the 15% sample changed to a solid at 40°C. Upon reaching
25°C, the 20 and 15% samples were solids whereas the 10% sample was a strong
gel and the 5% sample formed a soft gel (Figure 5-9c). Since, the 5% sample
showed a soft gel upon cooling, 1 and 2% samples were also prepared and
heated/cooled between 25-150°C but these two concentrations did not form a gel

at any stage during heating and cooling (Figure 5-9a to c)

After allowing approximately 24 hours at room temperature (i.e. 20°C), the
samples were reheated. The gel formed by the 5% sample melted near 50°C and
converted to a viscous liquid. Near 100°C, the 15% sample softened from solid
into a strong gel state and the 10% sample, which was a strong gel, converted to
a soft gel. Also, the 5% sample changed into a liquid (low viscosity) state. At
120°C, the 20% sample turned from solid into a strong gel, the 15% sample
converted into a soft gel and the 10% sample melted from a gel into a viscous
liquid. The 20% sample softened from a strong gel to a soft gel. At the end of
second heating cycle (i.e. at 150°C) 1,2 and 5% sample were clear liquids, the
10% sample was a viscous liquid and the 15% and 20% samples were soft gels.
Upon cooling, at 120°C, the 20% sample turned into a strong gel state and the
10% sample formed a soft gel at 100°C. At 80°C, both 5 and 15% samples

changed to a viscous liquid and a strong gel respectively. At 60°C, the 10%
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sample formed a strong gel and the 20 and 15% samples became solid at 60°C
and 40°C respectively. Cooling to 25°C resulted in formation of a soft gel by the

5% sample and the two low concentrations (i.e. 1 and 2%) remained liquid. The

10% sample was a strong gel whereas the 15 and 20% samples were solid.

o S 15 I

Figure 5-9. MC — ethylene glycol samples at (a) 25°C (b) 150°C (c) 25°C, after cooling

5.2.2.2 HPMC - Ethylene Glycol Samples

HPMC in ethylene glycol was examined at concentrations from 5 — 20% (5%
increments). Because the 5% sample did not form a gel upon heating/cooling,
concentrations lower than 5% were not studied. Similar to the MC samples, all the
HPMC- ethylene glycol samples were turbid liquids (Figure 5-10a). Upon heating,
the 20% sample changed to a viscous liquid at 100°C and it formed a soft gel near
110°C. Also, the 15% sample turned to a viscous liquid at 110°C. At 120°C the
20% sample was a strong gel whereas the 15% and 10% samples formed soft gel

and viscous liquid respectively. The 15% sample formed a strong gel and 10%
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sample formed a soft gel at 130°C. Finally, at 150°C, 20 and 15% samples
converted into solid and the 10% sample changed to a strong gel state. The 5%
sample was liquid at this temperature with a soft gel near the bottom of the tube
(Figure 5-10b). As the samples were cooled, the 5% sample turned into a part
gelled viscous liquid near 25°C and the other three samples remained unchanged
(Figure 5-10c). During the reheating cycle, no change was observed in the state of

the four samples at any temperature.

Figure 5-10. HPMC - ethylene glycol samples at (a) 25°C (b) 150°C (c) 25°C, after cooling

5.2.3 Propylene Glycol Based Samples

HPMC in ethylene glycol formed a permanent gel/solid structure and the samples
did not change during reheating/cooling, whereas MC in ethylene glycol samples
showed a gel/solid which formed during cooling and melted/reformed during
subsequent heating (i.e. reheating) and cooling respectively. Therefore, it was

decided to continue further experiments with MC in different solvents. Six different

91



compositions including 1, 2 and 5 — 20% (increments of 5%, w/w) of MC in
propylene glycol were prepared and investigated for thermal gelation. Figure 5-11
shows the behaviour of MC in propylene glycol samples during heating and
reheating cycles.
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Figure 5-11. Behaviour of MC in propylene glycol during heating and reheating cycles

Figure 5-12a shows the six MC in propylene glycol samples before the start of
heating. Upon heating, the 20 and 15% samples changed to viscous liquids at
50°C and 60°C respectively. At 60°C, the 20% sample formed a soft gel and at
70°C, the 5 and 10% samples converted to viscous liquids. The 15% sample
formed a soft gel at 80°C. At 90°C, the 20% sample formed a strong gel. All the
samples started turning clear near 90°C and were completely clear at 100°C. The
three lower concentration samples (i.e. 1, 2 and 5%) were clear liquids whereas
the 10, 15 and 20% samples were clear viscous liquid, soft gel and strong gel at
100°C. At 110°C, the 10% sample changed to a relatively low viscosity liquid. The
15% and 20% samples formed viscous liquid and soft gel respectively at 120°C
and the soft gel formed by 20% subsequently melted into a viscous liquid at
130°C. At 150°C, the four lower concentrations (i.e. 1, 2, 5 and 10%) were liquids

and the 15 and 20% samples were viscous liquids (Figure 5-12b).

Cooling resulted in a gradual increase in the viscosity/strength of the samples as
the 20,15 and 10% samples formed soft gels at 90, 80 and 70°C respectively. The

92



gel formed by 20% sample converted to a strong gel at 80°C and into a solid at
70°C. The 15% sample changed to a strong gel and a solid respectively at 70 and
60°C and the same changes occurred for 10% sample at 60 and 50°C
respectively. The 5, 2 and 1% sample formed soft gels at 60, 50 and 40°C
respectively and the 5% sample turned into a strong gel at 50°C. At 25°C, the
three higher concentrations (i.e. 10-20%) were solids, 5% was a strong gel and

the 2 and 1% samples were soft gels (Figure 5-12c).

The samples gradually converted to lower viscosity states upon reheating and at
150°C, all the samples were liquids similar to the first heating cycle. Cooling of the
samples resulted in changes similar to those during cooling after the first heating
cycle. When the samples cooled to 25°C, the three higher concentrations (i.e. 10 —
20%) were solids, the 5% sample was a strong gel and the 2 and 1% samples

were soft gels.

Figure 5-12. MC — propylene glycol samples at (a) 25°C (b) 150°C (c) 25°C, after cooling
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5.2.4 Butylene Glycol Based Samples

MC in butylene glycol at six different concentrations of 1, 2 and 5 — 20% (w/w) in
5% increments were prepared and investigated for gelation upon heating/cooling.

Behaviour of these samples during two heating cycles is shown in Figure 5-13.
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Figure 5-13. Behaviour of MC in butylene glycol during heating and reheating cycles

These samples showed a similar behaviour to MC in propylene glycol (Figure 5-
14a). At 70°C, the 20 and the 15% samples and at 80°C, the 10 and 5% samples
converted to viscous liquids. A soft gel was formed by the 20% sample at 90°C
and by the 15% sample at 110°C. Between 100 — 110°C, all the samples started
turning clear and at 110°C, the four lower concentrations (i.e. 1, 2, 5 and 10%)
were clear liquids and the 15 and 20% samples were clear soft gels. At 120°C, the
20% sample formed a strong gel. Further heating resulted in melting of the gels
formed by 15 and 20% samples at 130 and 140°C respectively and at 150°C,
these two samples were viscous liquids whereas the lower concentrations were
less viscous (Figure 5-14b). During cooling, all these samples showed a gradual
increase in viscosity and the 20% sample formed a soft gel and a strong gel at
100 and 90°C respectively. The 15% sample formed a soft gel at 90°C and a
strong gel at 80°C. At, 80°C, the 20% sample converted to a solid and the 10%
sample formed a soft gel. At 70°C, the 15 and 10% samples changed into solid

and strong gel respectively and the 5% sample formed a gel. The soft gel formed
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by the 5 % sample turned into a strong gel at 60°C and the 10% sample converted
to a solid at 50°C. Both the 2 and the 1% samples formed soft gels near 60 and
40°C respectively. At 25°C, the three higher concentrations (10-20%) were solids,
the 5% sample was a strong gel and the two low concentrations (1 and 2%) were
soft gels (Figure 5-14c).

Reheating the samples resulted in gradual melting and all samples were liquids at
150°C. The 20 and 15% samples had a higher viscosity than the other four
samples. Subsequent cooling of the samples resulted in behaviour similar to that
during cooling in the first heating cycle and the samples turned into gels at

different temperatures as shown in Figure 5-13.

Figure 5-14. MC - butylene glycol samples at (a) 25°C (b) 150°C (c) 25°C, after cooling
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5.3 Fourier Transform Infrared (FTIR) Spectroscopy

In order to understand the changes of MC in the three glycols upon heating, ATR-
FTIR spectroscopy was performed on the highest concentration samples (i.e.
20%) during heating and cooling. The IR spectra of all the glycols by the ATR
technique and for MC by the potassium bromide (KBr) pellet method were also
obtained at room temperature and are shown in Figure 5-15. IR Spectra for 20%
MC in ethylene, propylene and butylene glycol are presented in Figures 5-16, 5-18
and 5-20 respectively. During heating and cooling, changes were observed in the
spectra of all these samples within the range 800-1500 cm™” and for the OH
stretching band near 3300 cm™. Therefore, Figures 5-17, 5-19 and 5-21 show the
spectra in the range 800-1500 cm™ for MC in ethylene, propylene and butylene
glycol respectively and the variation of peak position for the OH stretching band
(i.e. near 3300 cm™) for each sample is presented in the Figure 5-22. An

explanation of these results will be presented in the discussion (i.e. section 5.7).
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Figure 5-15. FTIR spectra of MC, ethylene (EG), propylene (PG) and butylene glycol (BG)
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Figure 5-19. FTIR spectra of 20% MC in propylene glycol between 800 — 1500 cm™
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Figure 5-22. Variation in the peak position of OH stretching band with temperature for 20%
MC in ethylene (EG), propylene (PG) and butylene (BG) glycol

5.4 Hot Stage Microscopy

Hot stage microscopy of MC and 20% MC in each glycol was performed to
analyse the changes in the structure (i.e. crystalline/amorphous) upon heating and
cooling. Micrographs of MC and MC in ethylene, propylene and butylene glycol at
different temperatures are shown in the Figures 5-23, 5-24, 5-25 and 5-26

respectively.

Micrographs of MC at various temperatures (between 20 up to 268°C) during
heating are shown in Figure 5-23a to h. Crystalline structure was present up to
200°C (Figure 5-23a to d). The crystalline structure started disappearing near
250°C (Figure 5-23e) and a completely melted structure was obtained at 268°C
(Figure 5-23h)

Figures 5-24a and b depict the micrographs of 20% MC in ethylene glycol at 25
and 100°C showing the presence of crystalline structure at these temperatures. At
120°C some loss of crystallinity due to dissolution of MC was observed (Figure 5-

24c). The micrograph at 150°C (Figure 5-24d) shows no crystalline structure
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indicating nearly complete dissolution of MC in ethylene glycol. The intensity of the
microscope lamp was increased from 4 volts to 6 volts during cooling so that it
was easier to observe any changes in the state of the sample. During cooling, as
the sample formed a white (turbid) solid, a surface texture gradually developed
(Figures 5-24e to h) and a few crystals could also be seen at 100°C (Figure 5-249)
and 30°C (Figure 5-24h).

Micrographs for 20% MC in propylene glycol at different temperatures are shown
in Figure 5-25. The crystalline structure present due to MC at 30°C (Figure 5-25a)
mostly disappeared by 100°C (Figure 5-25b) and at 120 and 150°C crystallinity
completely disappeared due to dissolution of MC (Figures 5-25c and d). During
cooling, other than the appearance of very few crystals, which did not dissolve
during heating, no change was observed and the structure remained disordered
(Figures 5-25.e to h).

Figure 5-26 shows the micrographs for 20% MC in butylene glycol at different
temperatures. Crystalline structure present at 30 and 100°C (Figure 5-26a and b)
disappeared almost completely at 120°C (Figure 5-26¢) and as for MC in both
ethylene and propylene glycols, a disordered structure with complete dissolution of
MC was observed at 150°C (Figure 5-26d). During cooling, turbidity appeared but
no texture (as seen in ethylene glycol) was observed. The disordered structure
was maintained along with a very few undissolved MC crystals (Figures 5-26e to
h).
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(a) (h)

Figure 5-23. Micrographs of MC at (a) 25°C (b) 100°C (c) 150°C (d) 200°C (e) 250°C (f) 260°C
(g) 263°C (h) 268°C
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Figure 5-24. 20% MC in ethylene glycol during heating at (a) 30°C (b) 100°C (c) 120°C (d)
150°C, and during cooling at (e) 140°C (f) 120°C (g) 100°C (h) 30°C
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Figure 5-25. 20% MC in propylene glycol during heating at (a) 30°C (b) 100°C (c) 120°C (d)
150°C, and during cooling at (e) 140°C (f) 120°C (g) 100°C (h) 30°C
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Figure 5-26. 20% MC in butylene glycol during heating at (a) 30°C (b) 100°C (c) 120°C (d)
150°C, and during cooling at (e) 140°C (f) 120°C (g) 100°C (h) 30°C
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5.5 Differential Scanning Calorimetry

Microscopy provided the evidence of crystallinity in the samples before heating.
However, during cooling when all the samples turned into a gel and solid
respectively, apart from a few crystals, no evidence of a crystalline structure was
observed. Therefore, to investigate the changes in the crystallinity of the samples

upon heating and cooling, DSC of MC in each glycol was performed.

DSC curves for 20% MC in ethylene glycol liquid and solid are shown in the Figure
5-27. For the liquid sample, a broad endothermic peak near 125°C was observed.
For the solid sample, the endotherm broadened further and a heat flow maxima
was observed near 132°C. During cooling, no peaks were observed for either
liquid and solid suggesting that the gel formation and subsequent solidification of

MC in ethylene glycol resulted in a disordered/less perfect structure.

DSC curves for 20% MC in propylene glycol liquid and solid (Figure 5-28) show
very broad endotherms with no identifiable maxima. No transitions were observed
during cooling suggesting that the gel/solid formed by MC in propylene glycol had

a dissolved/disordered structure.

Figure 5-29 shows the DSC curves for 20% MC in butylene glycol. For the liquid, a
broad endotherm with a peak at 105°C and for the solid, a broader endotherm with
peak at 104°C was observed. Cooling curves for these samples were similar to
those for MC in ethylene glycol suggesting a disordered structure. Enthalpy
values, calculated from DSC endotherms for the samples are presented in Table
5-1.

Sample Enthalpy (J/g)

Liquid 322

20% MC - EG
Solid 61
Liquid 21

20% MC - PG
Solid 13
Liquid 22

20% MC - BG
Solid 22

Table 5-1. Enthalpy change during heating (DSC) of samples
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5.6 X-Ray Diffraction

DSC curves for MC in each glycol showed different results for solid and liquid
samples and broad endotherms were observed for solids. Therefore, X-ray
diffraction (XRD) was performed to further explain the differences in the structure
of the liquid and solid samples. Table 5-2 lists the diffraction peaks and
corresponding interplanar (d) spacing values for different samples. X-ray
diffraction patterns for 20% MC in ethylene, propylene and butylene glycol are
presented in Figures 5-29, 5-30 and 5-31 respectively. Each figure shows the
diffraction patterns for liquid (i.e. before heating) and solid (i.e. after heating) along

with the diffractogram for MC powder.

MC powder shows evidence of some crystalline order with two broad peaks near
26 ~ 9° and 26 ~ 19° (Figure 5-30). In ethylene glycol, the peak near 26 ~ 8°
disappeared and the peak near 26 ~ 19° shifted to a higher value (i.e. 26 ~ 22°).
The diffraction pattern for the same sample after it was heated and cooled (i.e.
solid) showed a sharp, low intensity peak near 26 ~ 8° and the intensity of the

peak near 20 ~ 22° was reduced (Figure 5-30).

For MC in propylene glycol (Figure 5-31), the intensity of the peak near 26 ~ 9°
reduced and shifted to 26 ~ 10°. A second peak appeared at 26 ~ 21° and was
more sharp and intense than the MC peak near 26 ~ 19°. For solid MC in
propylene glycol, the peak near 26 ~ 10° almost vanished and the intensity of the

peak at 26 ~ 21° significantly reduced.

In butylene glycol, the MC peak near 26 ~ 9° disappeared and the second peak
appeared near 26 ~ 19.5° (Figure 5-32). For solid MC in butylene glycol, the
intensity of the peak near 19.5° reduced and a shoulder near 7° appeared. These

results will be further explained in the following section.
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20
Sample (degrees) d (A)
9.36 9.5
Methylcellulose
19.2 4.6
Liquid
21.92 4.1
20% MC-EG
) 7.82 11.3
Solid
21.02 4.2
o 10.0 8.8
Liquid
20.0 4.4
20% MC-PG
] 7.8 11.3
Solid
20.0 4.4
Liquid
19.56 4.5
20% MC-BG
. 7.6 11.6
Solid
19.46 4.6

Table 5-2. XRD peaks and corresponding interplanar (d) spacings
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Figure 5-30. X-ray diffraction patterns for 20% MC in ethylene glycol
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Figure 5-31. X-ray diffraction patterns for 20% MC in propylene glycol
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Figure 5-32. X-ray diffraction patterns for 20% MC in butylene glycol
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5.7 Discussion

5.7.1 Water Based Samples

The results obtained for both aqueous solutions of MC and HPMC confirm the
findings of Sarkar [109,173,174], Haque [171], Kobayashi [178], Nishanari [176],
Hussain [192], Li [183] and Funami [188]. As discussed in the literature review
chapter, the gel formation upon heating of both MC and HPMC is attributed to the
hydrophobic associations caused by breaking of the hydrogen bonds between
water and the hydrophobic groups (i.e. modified cellulose chains) in
methylcellulose. As the hydrogen bonds between water and MC chains are
broken, the CH; substituted cellulose units become dehydrated. The units
containing hydrophilic groups (i.e. OH) remain hydrated (i.e. dissolved). This
difference in hydration/dehydration causes interaction between the chains with
CHs (i.e. hydrophobic association) Due to these interactions, the solution turns
turbid and a gel phase is formed. Onset of turbidity and gel formation for higher
concentration (i.e. 6-10%) MC samples at lower temperatures could be due to the
relatively increased amount of hydrophobic groups resulting in lowering of the
temperature at which the hydrophobic association takes place [109,176,183].
Aqueous MC solutions did not form gels at lower concentrations (i.e. 2-4%). This
could be due to the low amount of hydrophobic moieties resulting in hydrophobic
associations that are not sufficient enough to cause gel formation. However, for
the same concentration of HPMC (i.e. 2-4%), gel formation was observed. This
could be due to the higher molecular weight of HPMC (M,, = 86,000) resulting in
sufficient hydrophobic associations to cause gel formation even at concentrations

as low as 2%.

5.7.2 Ethylene Glycol Based Samples

Both MC and HPMC in ethylene glycol formed a gel upon heating but the
behaviour during cooling was not the same as with the aqueous samples as they
did not return to the initial state (i.e. liquid). Since both MC and HPMC showed
similar behaviour in aqueous solutions as well as during heating in the ethylene
glycol based samples, it could be assumed that the phenomenon of association

between MC/HPMC and ethylene glycol upon heating is similar and could be due
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to the breaking of intra and intermolecular hydrogen bonds present within the MC
chains and subsequent formation of intermolecular hydrogen bonds between
MC/HPMC chains and ethylene glycol molecules. Both FTIR and XRD results
(Figures 5-16, 5-17 and 5-30) provide evidence of hydrogen bonding between MC
and ethylene glycol. IR spectra of MC in ethylene glycol show changes in the
position of the OH stretching band (i.e. near 3300 cm™) and the ether (C—O—C)
stretching band (i.e. near 1150 cm™). The OH stretching band for MC was
observed at 3475 cm™ and for ethylene glycol at 3298 cm™ (Figure 5-15). For MC,
the band is at a higher wave number due to the presence of intramolecular
hydrogen bonds between OH groups within anhydroglucopyranose units (AGU)
along with intermolecular hydrogen bonds between OH of different molecules. For
MC in ethylene glycol, this band is shifted to 3323 cm™ for the liquid samples and
upon heating, this peak shifted to higher wave numbers (Figure 5-22). For the
sample cooled to 40°C (i.e. solid), this band was observed at a higher wave
number (i.e. at 3353 cm™) than that for the liquid sample. This increase in the
wave number indicates the formation of hydrogen bonds between MC and
ethylene glycol. Also, it has been shown previously that during gel formation in
water, the ether bridge stretching band shows an increase in intensity [182,230-
234] related to the breaking of hydrogen bonds between water and MC. However,
for MC in ethylene glycol, the ether band (i.e. near 1150 cm™) intensity decreased
during heating and the peak nearly disappeared after cooling to 40°C (Figure 5-
17). This suggests an increase in hydrogen bonding between methylcellulose and
ethylene glycol. The XRD results also confirm the presence of hydrogen bonding
between MC and ethylene glycol. MC powder has broad diffraction peaks at 26 ~
9° and 26 ~ 19° (Figure 5-30). Similar diffraction patterns for MC have been
reported previously [170,179,234-239] and it has been suggested that the
diffraction peak near 26 ~ 19° corresponds to the crystallinity in the unmodified
cellulose chains (i.e. with no substitution) and the peak near 26 ~ 8° is due to the
regions with modified cellulose chains (i.e. with methoxy substitution)
[179,196,234,235,238]. Micrographs of MC (Figure 5-23) also confirm the
presence of crystalline structure and this crystalline structure melts at high
temperature (i.e. near 260°C) in the absence of any solvent. The XRD pattern
(Figure 5-30) shows that for liquid MC in ethylene glycol, the peak near 26 ~ 9°
disappeared and the peak near 26 ~ 19° shifted to a higher value. This could be
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due to hydrogen bonding between the modified cellulose chains. In modified
cellulose chains, the substitution of OH groups with methoxy groups breaks the
intramolecular hydrogen bonds and these chains have OH groups available as
possible hydrogen bonding sites. Therefore, hydrogen bonds were formed
between modified cellulose chains and ethylene glycol breaking the ordering
present in this region so that the diffraction peak near 26 ~ 9° disappears. Also,
this hydrogen bonding causes the unmodified chains to come closer and the inter-
planar distance was reduced (i.e. 26 ~ 19° increased to 26 ~ 22°, Figure 5-30). A
crystalline structure is therefore visible in micrographs for liquid MC in ethylene
glycol due to the relatively increased ordering of unmodified cellulose chains
(Figures 5-24a to c). For the solid MC in ethylene glycol, a low intensity, sharp
peak near 206 ~ 8° is obtained and the intensity of the peak near 26 ~ 22° was
reduced. This shows that when MC in ethylene glycol is heated, intramolecular
hydrogen bonds present within unmodified cellulose molecules (i.e. within AGUs)
are broken and hydrogen bonds between ethylene glycol and both the OH groups
and the ether oxygen present within the anhydrogluco-pyranose unit (AGU) are
formed. The micrograph at 150°C (Figure 5-24d) also shows a
dissolved/disordered structure. DSC endotherms (Figure 5-27) for MC and MC in
ethylene glycol (liquid) show heat absorbance due to breaking of intramolecular
hydrogen bonds. Compared to solid MC in ethylene glycol, a higher value of
enthalpy for liquid MC in ethylene glycol (Table 5-1) could be due to the additional
heat required to break the hydrogen bonds present between ethylene glycol
molecules. During cooling some of the hydrogen bonds formed between OH
groups of ethylene glycol and MC chains containing high methoxy substitution are
broken. This is indicated by a decrease in the OH stretching band during cooling
(Figure 5-16 and 5-22). Therefore, during cooling, due to interaction of highly
substituted cellulose units with each other, a turbid structure is formed. Since the
ether band near 1150 cm™ did not show a reversed trend (Figure 5-16), it
suggests that the hydrogen bonds between ether oxygen of MC and ethylene
glycol are intact. Also, some hydrogen bonds between OH groups of MC and
ethylene glycol are still present (OH stretching band at 3353 cm™ in Figure 5-22),
a disordered/imperfect crystalline order is also present in the solid. The XRD
pattern for the solid shows reduced intensity for the 26 ~ 22° peak due to the

presence of a less ordered/imperfect crystalline structure (Figure 5-29). Similarly,
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the appearance of a low intensity, sharp peak near 206 ~ 8° represents the regions
with ordering in chains caused by interactions between MC chains containing
bulky methoxy groups. The micrographs for MC in ethylene glycol during cooling
also show some opacity (turbidity) similar to aqueous MC gels, due to the
presence of very small, imperfect crystalline regions. Similarly, DSC curves
(Figure 5-27) show that when the solid is reheated, the endotherm broadened due
to the melting of a relatively less ordered/imperfect crystalline structure. The
presence of some undissolved particles could be either due to the high
concentration of MC or due to the presence of high molecular weight fractions of
unmodified cellulose which have very strong intramolecular hydrogen bonded
structure and therefore, do not form hydrogen bonds with ethylene glycol and

remain undissolved even at high temperatures.

The gels/solids formed by MC, when subjected to a reheating cycle melted to a
liquid state whereas this melting did not occur for HPMC samples in the
temperature range studied (i.e. 25-150°C). This could be due to the higher
molecular weight and relatively complex structure (due to hydroxypropyl branches)
of HPMC. Due to its longer molecular chains and presence of hydroxypropyl
groups within the molecules, the interaction between HPMC and ethylene glycol is
stronger than between MC and ethylene glycol. Also, the complex structure (i.e. a
mixture of liquid and gel) formed by 5% HPMC in ethylene glycol is due to the low
concentration of polymer chains which are not sufficient to cause gelation of the

whole sample and thus only part of the sample formed a gel.

5.7.3 Propylene Glycol Based Samples

MC in propylene glycol also formed gel upon heating. However, these gels melted
at higher temperatures (i.e. higher than 120°C) and formed clear liquids at 150°C.
The liquids formed gels upon cooling in the same way as MC in ethylene glycol.
This gel formation by MC in propylene glycol therefore, could be due to the
hydrogen bonding between MC and propylene glycol. FTIR spectra for MC in
propylene glycol (Figure 5-18 and 19) show changes similar to MC in ethylene
glycol. The OH stretching band for propylene glycol was observed at 3311 cm™
and it shifted to a higher wave number for liquid MC in propylene glycol (i.e. near

3350 cm™) representing enhanced hydrogen bonding in the liquid sample. This
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peak shifted to higher wave numbers and the intensity of the ether stretching band
(near 1133 cm™) reduced gradually upon heating. For the solid MC in propylene
glycol (i.e. cooled to 40°C), the OH stretching peak appeared at 3372 cm™ and the
ether stretching peak (i.e. near 1133 cm™) almost disappeared. These changes
show that as for ethylene glycol, a hydrogen bonding association between MC
chains and propylene glycol takes place upon heating. The XRD pattern for MC in
propylene glycol (Figure 5-31) shows that the intensity of the diffraction peak near
26 ~ 9° was slightly shifted towards 26 ~ 10° and its intensity reduced. The peak
near 20 ~ 19° also moved to 26 ~ 20° but showed an increase in the intensity.
These results suggest that when MC was mixed with propylene glycol, hydrogen
bonds between propylene glycol and MC chains containing methoxy groups were
formed. However, due to the presence of CH3 groups within the propylene glycol
molecules, unlike ethylene glycol, the peak near 26 ~ 9° did not disappear
completely. The hydrogen bonds between modified cellulose chains of MC and
propylene glycol cause the MC chains with unmodified cellulose structure to come
closer and a reduction in interplanar distance (26 increased from 19° to 20°) takes
place. It should be noted that the shift in peak position for MC in propylene glycol
is less than that for MC in ethylene glycol which could be due to the presence of
an additional carbon atom within the propylene glycol molecule causing a slight
increase in the chain length and thus the interplanar distance is higher in
propylene glycol than in ethylene glycol (Table 5-2). The micrograph in Figure 5-
25 confirms the presence of crystalline order in the liquid sample. For the solid MC
in propylene glycol sample, the intensity of the peak near 26 ~ 21° reduced
significantly and the peak near 26 ~ 10° turned into a shoulder near 26 ~ 7°
(Figure 5-31). This indicates that during heating, intermolecular hydrogen bonds
between propylene glycol and unmodified cellulose chains/ether oxygen are
formed due to the breaking of intramolecular hydrogen bonds within AGUs. The
formation of these hydrogen bonds results in the breaking of order present within
MC chains and the intensity of diffraction bands is reduced. Micrographs of MC in
propylene glycol at 150°C and during cooling (Figures 5-25d to h) also confirm the
loss of crystallinity after heating. The DSC curve for liquid MC in propylene glycol
(Figure 5-28) showed a very broad, gradual curve upon heating which indicates
the breaking of intramolecular hydrogen bonds within AGUs. Compared with

ethylene glycol, the DSC curves for MC in propylene glycol did not show an
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identifiable peak and the curves for liquid and solid were similar with much lower
enthalpy values (Table 5-1). This could be due to better solvency of propylene
glycol for MC. Hansen solubility parameters for MC and the three glycols are
presented in Table 5-3. These values clearly indicate that among the three glycols,
propylene glycol has the nearest total solubility parameter (&1) value to that of MC.
Therefore, the dissolution of MC upon heating is more favourable in propylene
glycol and accompanies a relatively low heat flow compared with ethylene glycol.
Due to its greatest compatibility with MC, the intensity of the XRD peak near 26 ~
21° for solid MC in propylene glycol was much reduced owing to a more disrupted
structure than in EG. Also, solid MC in ethylene glycol showed a sharp, low
intensity peak near 26 ~ 8° whereas for solid MC in propylene glycol this peak was
very broad, showing a relatively less ordering between methoxy groups due to
their greater solubility. Micrographs for MC in propylene glycol during cooling

(Figures 5-25e to h) also confirm a disordered structure in the solid.

Hansen Solubility Parameter
(IMPa]"?) i i
Component Difference in &7
&p Sp Sy o7 between glycol
- and MC
MC 18.0 15.3 19.4 30.6
Ethylene Glycol 17.0 11.0 26.0 32.9 2.3
Propylene Glycol 16.8 9.4 23.3 30.2 0.4
Butylene Glycol 16.6 10.0 21.5 28.9 1.7

Table 5-3. Solubility parameters for MC and the three glycols [240,241]
5.7.4 Butylene Glycol Based Samples

Similar to both ethylene and propylene glycol based samples, butylene glycol
based samples showed gel formation after heating. FTIR spectra for MC in
butylene glycol (Figures 5-20 and 5-21) show evidence of hydrogen bond
formation upon heating as the OH stretching band (near 3300 cm™) gradually
shifts to a higher wave number and the intensity of ether stretching vibration (near
1131 cm™) is reduced. The XRD pattern (Figure 5-32) is also similar to the
ethylene glycol as in liquid MC in butylene glycol, the peak near 26 ~ 9° turned to

" Values for A4M (Dow Chemical) which has a same degree of substitution value (i.e. DS ~ 1.8) as the MC
used in this research
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a shoulder like peak (i.e. very low intensity) and an increase in the peak near 20 ~
19° was observed. This indicates hydrogen bonds between modified cellulose
units of MC and butylene glycol which disturb the ordering present in modified
cellulose units while the peak near 26 ~ 9° almost disappeared. In the same way
as propylene glycol, butylene glycol also has CH3 groups in its molecules together
with an additional carbon atom in each molecule which renders it less polar than
propylene glycol. Also, the difference in solubility parameters between MC and
butylene glycol is higher than between MC and propylene glycol and lower than
the difference between MC and ethylene glycol (Table 5-3). Therefore, the peak
near 26 ~ 9° showed a behaviour in between propylene glycol and ethylene glycol.
The hydrogen bonds formed between modified cellulose units caused the
unmodified cellulose units to come closer and the intensity of the peak near 206 ~
19° was increased. Due to an additional carbon atom in the butylene glycol
molecule, the interplanar distance was higher than that of both propylene and
ethylene glycol (Table 5-2). Micrographs in Figure 5-26a and b also provide
evidence of crystalline order in the liquid MC in butylene glycol. At higher
temperatures, breaking of intramolecular hydrogen bonds and formation of
intermolecular hydrogen bonds between MC and butylene glycol molecules
disrupts the structure and a less ordered/imperfect structure is formed. The XRD
pattern for solid MC in butylene glycol (Figure 5-32) shows a reduction in the
intensity of the band near 26 ~ 19° due to a disordered structure. In the same way
as in ethylene glycol, a low intensity diffraction peak near 26 ~ 8° appeared. This
peak shows that during cooling, when some of the hydrogen bonds between MC
and butylene glycol are broken, the methoxy groups are exposed and interact with
each other forming a turbid gel structure. Since MC and butylene glycol are more
compatible than ethylene glycol and less compatible than propylene glycol, this
peak is less sharp than in ethylene glycol but sharper than in propylene glycol. For
the same reason, turbidity in solid MC in butylene glycol was observed but it did
not show a textured surface as with ethylene glycol (Figures 5-24.h and 5-26.h).
DSC curves (Figure 5-29) also suggest that when the liquid MC in butylene glycol
was heated, the structure due to strong intramolecular bonds was broken resulting
in a relatively sharp endotherm. When solid MC in butylene glycol was heated, it
showed a broad endotherm due to the melting of a less ordered/imperfect

crystalline structure.
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A major difference between butylene and propylene glycol was the dissolution of
MC in butylene glycol at a temperature higher than for propylene glycol. This is
evident from the micrographs at 100 and 120°C for MC in propylene glycol (Figure
5-25b and c) and butylene glycol (Figure 5-26b and c) which show the presence of
relatively higher crystallinity (due to undissolved MC) in butylene glycol at the
same temperatures. This difference in dissolution temperature could be due to the
difference in solubility parameters (Table 5-3). As mentioned earlier, the solubility
parameter for butylene glycol is lower than both MC and propylene glycol.
Therefore, due to its better compatibility, MC in propylene glycol dissolves earlier
(i.e. at lower temperature) than in butylene glycol and the dissolution/breaking of
the structure in butylene glycol is accompanied by a relatively higher value of
enthalpy (Table 5-1).

Based on the results and the discussion above, a generalised gelation diagram for
gel formation of MC in glycols is shown in Figure 5-33. Similar diagrams for MC
gel formation in water have also been reported earlier [171,199]. The difference
between MC gel formation in water and in glycols is that upon heating, MC in
water forms a network structure (i.e. gel) but in glycols, MC dissolves and forms
solutions. On the other hand, during cooling, MC in water returns to a dissolved
state and forms a clear solution whereas in glycols, a gel network structure of MC

is formed.
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6 Ternary Compositions and Compositions Suitable for

Jetting

6.1 Introduction

Methylcellulose in propylene and butylene glycol showed interesting behaviour
and formed gels at concentrations as low as 1%. However, the gels melted upon
heating. Therefore, to observe the gel formation upon heating (i.e. similar to
aqueous MC solutions), low quantities of water were added to the compositions
(i.e. ternary compositions). Since MC in ethylene glycol did not form a gel for lower
concentrations (i.e. 1 and 2%) and the dissolution of MC in ethylene glycol took
place at a temperature higher than 120°C, it was decided to investigate the ternary
compositions using only propylene glycol and butylene glycol. The results of
heating experiments performed on ternary compositions comprising of MC, water
and each of the two glycols (i.e. propylene and butylene glycol) are presented in
this chapter. Viscosities of selected compositions (binary and ternary) at high
temperatures and shear rates were measured to investigate their suitability for
jetting at high temperatures. The surface tension of the samples that showed
viscosities suitable for jetting were also measured. To quantify the strength of
compositions suitable for jetting, texture analysis was performed and the results

are presented in this chapter.

6.2 Sample Heating

Table 6-1 lists the ternary compositions and the percentage of each component.
For the presentation of results, each ternary composition was identified using its
number as it appears in the first column of Table 6-1. Also, for comparison, these
compositions were grouped based on the concentration of MC. Samples 1, 5 and
8 have 2% MC. Similarly, samples 2, 4, 6 and 9 have 6% and samples 3, 7 and 10
have 10% MC. For the ternary compositions, the liquids, gels and solids were
either clear or turbid depending upon the dissolution of MC. Therefore, each
horizontal grid line represents the state (i.e. liquid, gel or solid etc) of the sample
when it is clear whereas the small grid mark on the vertical axis between each grid

line represents a similar state but with the presence of turbidity. For example, in
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Figure 6-1, sample 1, 5 and 8 start as turbid liquids before heating. Therefore, on
the vertical axis they all start near the small grid mark instead of the grid line just
below which represents a clear liquid. Similarly, when cooled after heating, sample
8 formed a clear viscous liquid and samples 1 and 5 formed soft gels. Because
sample 1 was a turbid gel and the sample 5 was a clear gel, sample 1 was marked
higher than the gridline for soft gel and the sample 8 was marked at the grid line

for viscous liquid (i.e. clear viscous liquid).

ﬁamgﬁ MC (%) | Water (%} | Glyeol (%)
1 2 2 96
2 5 2 az
3 10 2 85
4 5 65 575
5 2 1 57
5 5 1 83
7 10 1 79
3 2 20 75
9 5 20 74
10 10 20 70

Table 6-1. Ternary compositions

6.2.1 Propylene Glycol based Ternary Compositions

Figures 6-1 to 6-3 show the behaviour of propylene glycol based ternary
compositions during heating and reheating cycles. Figures 6-1, 6-2 and 6-3
represent the behaviour of samples with fixed MC concentrations of 2, 6 and 10%

respectively.
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Samples with 2% MC

Sample 1, 5 and 8 contained MC at a concentration of 2% but the concentration of
water increased from 2 to 20% (Table 6-1). Before heating, all these samples were
turbid liquids (Figure 6-4a). Upon heating, sample 8 and 5 turned into clear liquids
due to MC dissolution near 50 and 60°C respectively. Sample 1 turned to a clear
liquid near 80°C. Near 130°C, sample 8 started boiling but samples 5 and 1
remained clear liquids up to 150°C. Since some of these ternary samples started
boiling before 150°C, images of the samples at 150°C were not available. Upon
cooling, sample 1 turned into a turbid viscous liquid and sample 8 turned to a clear
viscous liquid near 50°C. Sample 5 turned to a clear viscous liquid at 40°C. A
turbid gel was formed by sample 1 at 40°C and the sample 5 formed a clear gel at
30°C. After the samples were cooled to 25°C, samples 1 and 5 were turbid and
clear soft gels respectively and the sample 8 was a clear viscous liquid (Figure 6-
4b).

Upon reheating, at 50°C sample 1 melted to produce a turbid viscous liquid,
sample 5 became a clear viscous liquid and sample 8 turned into a clear liquid.

Sample 1 changed to a clear viscous liquid at 60°C. The viscosity of samples 5
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and 1 decreased further near 70 and 80°C respectively and then converted to
liquids. Sample 8 boiled above 130°C whereas samples 1 and 5 remained clear
liquids at 150°C. Upon cooling, samples 1 and 5 changed to turbid and clear
viscous liquids respectively at 50°C. At 40°C, sample 8 showed an increase in
viscosity and sample 1 formed a turbid soft gel. A clear soft gel was formed by
sample 5 at 30°C and all these samples returned to the same states as in the start

of the reheating cycle.

Figure 6-4. Propylene glycol based ternary samples at 25°C (a) before heating (b) after

heating

Samples with 6% MC

Samples 2, 4, 6 and 9 contained 6% MC. Before heating, samples 2 and 4 were
turbid liquids, sample 6 was a turbid viscous liquid and sample 9 was a clear gel
(Figure 6-4a). Heating the samples resulted in an increase in viscosity for samples
4 and 2 at 60 and 70°C respectively. Sample 6 showed MC dissolution and
converted to a clear viscous liquid at 60°C. Sample 9 melted to produce a clear
viscous liquid at 70°C. Samples 4 changed to a clear viscous liquid at 80°C and
sample 2 changed to a clear liquid at 90°C. All the samples showed a decrease in
the viscosity and converted to clear liquids between 100-110°C. Further heating
resulted in the boiling of samples 9 and 6 near 130 and 150°C respectively and
samples 2 and 4 remained clear liquids up to 150°C. During cooling, all the
samples showed a gradual increase in the viscosity. At 50°C, samples 2 and 4
formed a turbid soft gel and sample 6 formed a clear soft gel. At 40°C, sample 9

changed to a clear soft gel and samples 2 and 4 converted to strong gels (turbid).
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Sample 6 formed a strong gel (clear) near 30°C. At 25°C, samples 2 and 4 were
strong gels (turbid), sample 6 was a clear strong gel and sample 9 was a clear soft
gel (Figure 6-4b).

During reheating, the strong gels formed by samples 2, 4 and 6 softened to from
soft gels (turbid) at 50°C. Samples 4 and 2 converted to clear soft gels at 60 and
70°C respectively. Sample 9 melted to become a clear viscous liquid at 70°C and
the samples 2 and 6 melted to produce viscous liquids at 80°C. At 90°C, sample 4
changed to a viscous liquid. Samples 9 and 6 started boiling near 130 and 150°C
respectively and the other two samples were clear liquids at this temperature.
During cooling, samples 4 and 2 formed turbid soft gels respectively at 60 and
50°C and clear soft gels were formed by samples 6 and 9 at 50 and 40°C
respectively. Samples 4 and 2 converted to strong gels (turbid) at 50 and 40°C
respectively and a clear strong gel was formed by sample 6 at 30°C. At 25°C,

samples 2, 4 and 6 were strong gels and sample 9 was a soft gel.

Samples with 10% MC

Samples 3, 7 and 10 had the highest concentration of MC (i.e. 10%) and before
heating, these samples were a turbid viscous liquid, a turbid soft gel and a clear
strong gel respectively (Figure 6-4a). At 60°C, sample 3 melted to produce a turbid
viscous liquid and sample 10 softened to form a clear soft gel. Sample 7 formed a
clear soft gel at 70°C. At 90°C, samples 7 and 10 melted into clear viscous liquids
and sample 3 melted at 100°C. Samples 10 and 7 started boiling near 120 and
130°C respectively and sample 3 was a clear viscous liquid at 150°C. Cooling the
samples resulted in the formation of a turbid soft gel for sample 3 at 60°C and
clear soft gels for samples 7 and 10 at 50°C. At 50°C, sample 3 changed to a
strong gel and formed a solid at 40°C. Samples 7 and 10 formed strong gels near
40 and 30°C respectively. After cooling to 25°C, samples 10 and 7 were clear

strong gels and the sample 3 was a solid (Figure 6-4b).

Upon reheating, the gels formed by these three samples softened gradually.
Samples 10 and 7 softened to form soft gels at 50 and 60°C respectively and the
sample 3 formed a soft gel at 100°C. Samples 10 and 7 melted to form viscous
liquids respectively at 80 and 100°C and sample 3 melted at 130°C. Between 120-

130°C, samples 7 and 10 started boiling whereas sample 3 was a clear liquid at
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150°C. Cooling resulted in the formation of a soft gel (turbid) by sample 3 near
70°C and samples 7 and 10 formed soft gels (clear) at 50°C. Sample 3 changed to
a strong gel and solid at 60 and 50°C respectively and samples 7 and 10 formed
strong gels respectively at 40 and 30°C. At the end of reheating cycle, all samples

returned to their initial states (i.e. before reheating).

6.2.2 Butylene Glycol based Ternary Compositions

The behaviour during heating and reheating cycles of butylene glycol based
ternary compositions containing 2, 6 and 10% MC are shown in Figures 6-5, 6-6

and 6-7 respectively.
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Figure 6-5. Behaviour of butylene glycol based ternary compositions (2% MC concentration,

water concentration shown in brackets)
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Samples with 2% MC

Samples 1, 5 and 8 contained 2% MC. Before heating, samples 1 and 5 were

turbid liquids and sample 8 was a clear viscous liquid (Figure 6-8a). At 60°C,

sample 8 showed a reduction in viscosity and changed to a clear liquid. Samples 5
and 1 formed clear liquids (due to MC dissolution) near 80 and 100°C respectively.
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Sample 8 started boiling before 140°C and the other two samples remained clear
liquids up to 150°C. Upon cooling, sample 1 converted to a turbid viscous liquid at
60°C and sample 5 and 8 changed to clear viscous liquids near 50°C. A turbid soft
gel was formed by sample 1 at 40°C and sample 5 formed a clear gel at 30°C.
After the samples were cooled to 25°C, samples 1 and 5 were turbid and clear soft

gels respectively and sample 8 was a clear viscous liquid (Figure 6-8b).

Upon reheating, sample 5 and 1 melted to produce a clear viscous liquid at 50 and
60°C respectively and sample 8 converted to a clear liquid at 50°C. Samples 5
and 1 changed to clear liquids (reduced viscosity) at 70 and 80°C respectively.
Sample 8 started boiling above 140°C but samples 1 and 5 remained clear liquids
at 150°C. Cooling resulted in a gradual increase in the viscosity and samples 1, 5
and 8 converted to viscous liquids respectively at 70, 50 and 40°C. At 40°C,
sample 1 formed a turbid soft gel and a clear soft gel was formed by sample 5 at

30°C. At 25°C, samples 1 and 5 were soft gels and sample 8 was a viscous liquid.

3 - o - < .
Figure 6-8. Butylene glycol based ternary samples at 25°C (a) before heating (b) after
heating

Samples with 6% MC

Samples 2, 4, 6 and 9 had an MC concentration of 6%. Before heating, samples 2
and 4 were turbid liquids, sample 6 was a turbid viscous liquid and sample 9 was a
clear gel (Figure 6-8a). Heating increased the viscosity of samples 4 and 2 at 60
and 80°C respectively. Samples 9 and 6 changed to clear viscous liquids
respectively at 60 and 80°C. Samples 4 and 2 showed MC dissolution (clear
viscous liquids) at 90 and 100°C respectively. Sample 9 and 6 started boiling near

130 and 150°C respectively and samples 2 and 4 remained clear liquids up to
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150°C. During cooling, the viscosity of all samples increased gradually. At 60°C,
sample 2 formed a turbid soft gel and the other three samples (i.e. 4, 6 and 9)
formed a clear soft gel at 50°C. Samples 2 and 4 changed to turbid strong gels at
40°C and a clear strong gel was formed by the sample 6 at 30°C. After cooling to
25°C, samples 2 and 4 were turbid strong gels, sample 6 was a clear strong gel

and sample 9 was a clear soft gel (Figure 6-8b).

During reheating, samples 4 and 6 softened to form soft gels at 50°C. At 60°C,
sample 2 converted into soft gel and sample 9 melted to produce a viscous liquid.
Sample 6 melted to form a viscous liquid at 70°C and samples 2 and 4 melted to
form viscous liquids at 100°C. Samples 9 and 6 started boiling near 140 and
150°C respectively. The other two samples (i.e. 2 and 4) were clear liquids at
150°C. During cooling, a clear soft gel was formed by sample 2 at 70°C. At 60°C,
samples 4 and 6 formed turbid and clear soft gels respectively and sample 2
converted to a turbid soft gel. Samples 4 and 2 changed to strong gels at 50 and
40°C respectively. Sample 9 formed a clear soft gel and sample 6 changed to a
strong gel at 40°C. At 25°C, samples 2, 4 and 6 were strong gels and sample 9

was a soft gel.

Samples with 10% MC

Samples 3, 7 and 10 had the highest concentration of MC (i.e. 10%) and before
heating, these samples were turbid liquid, turbid soft gel and clear strong gel
respectively (Figure 6-8a). At 60°C, sample 10 softened to form a clear soft gel
and sample 3 formed a turbid soft gel at 70°C. Samples 7 and 3 changed to clear
soft gels at 80 and 100°C. At 90°C, samples 7 and 10 melted to form clear viscous
liquids. Sample 3 formed a strong gel at 110°C which melted at 130°C into a
viscous liquid. Samples 10 and 7 started boiling near 120 and 130°C respectively
and sample 3 was a clear viscous liquid at 150°C. Cooling the samples resulted in
the formation of a clear soft gel for sample 3 at 90°C. Sample 3 showed a gradual
increase in gel strength and formed a turbid strong gel and solid respectively at 80
and 60°C. Clear soft gels were formed by samples 10 and 7 at 60 and 50°C
respectively. At 40°C, sample 7 converted to a clear strong gel and at 30°C,
sample 10 changed to a clear strong gel. After cooling to 25°C, samples 10 and 7

were clear strong gels and sample 3 was a solid (Figure 6-8b).
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Reheating resulted in a gradual softening of the gels formed by these three
samples. Samples 10 and 7 softened to form soft gels at 50°C and sample 3
formed a soft gel at 80°C. Samples 7 and 10 melted to produce viscous liquids at
90°C and sample 3 melted at 110°C. Between 130-140°C, samples 7 and 10
started boiling whereas sample 3 was a clear viscous liquid at 150°C. Upon
cooling, sample 3 formed a clear soft gel near 90°C. This soft gel changed to a
turbid strong gel at 70°C and further, to a solid at 60°C. Samples 7 and 10 formed
clear soft gels at 50°C and turned into strong gels respectively at 40 and 30°C. At
the end of reheating cycle samples 10 and 7 were clear strong gels and sample 3

was a solid.

6.3 Viscosity Measurements

Viscosity of a liquid, along with its surface tension, plays an important role in
deciding the jettability of the liquid. Since all the compositions investigated in this
research showed gel formation upon cooling and these melted upon heating,
some of these compositions in liquid form can possibly be jetted. Since, these gels
would be heated to form liquids, therefore, a jetting head which can operate at
elevated temperatures would be required for their jetting. Although industrial drop
on demand inkjet print heads with maximum operating temperature as high as
240°C are available (MicroFab Technologies Inc.), print heads with a maximum
operating temperature at 80°C are more common (Xaar, Trident, Ricoh, Diamatix).
The typical viscosity required for jetting through a printhead is usually below 40
mPa.s [18], however the data sheets available from print head manufacturers
(Xaar, Trident, Ricoh, Diamatix) provide an upper limit of viscosity at 20 mPa.s. To
investigate the suitability of compositions for jetting, the viscosities of selected
compositions were measured at high temperatures (i.e. between 50 — 90°C).
Compositions were selected based on their behaviour during heating and cooling.
The compositions which formed a gel after heating and melted to form liquid upon
reheating at or below 80°C were selected. The samples with higher MC
concentration (i.e. MC = 5%) were viscous liquids/gels at higher temperatures and
were not selected for viscosity measurements. The samples subjected to viscosity
measurements are listed in Table 6-2. Although, 5% MC in both propylene and

butylene glycol produced viscous liquids during heating, their viscosities were
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measured in order to perform comparison with two lower concentrations (i.e. 1 and

2%) and to quantify their viscosities at high temperatures.

Binary Compositions | Ternary Compositions

1,2 and 5% MC in glycol | Samples 1, 5,6 and 9

Table 6-2. Compositions selected for viscosity measurements

6.3.1 Propylene Glycol Based Samples

Viscosity curves for propylene glycol and binary compositions of MC in propylene
glycol at different temperatures (50-90°C) and varying shear rate (100-1500 s™)
are shown on log — log graphs in Figure 6-9. Viscosity curves for ternary
compositions consisting of MC, propylene glycol and water are shown in the
Figure 6-10. For ternary compositions, to differentiate between propylene glycol
and butylene glycol based samples, letter P for propylene glycol and B for

butylene glycol were used to show the respective glycol.

Increased MC concentration resulted in increased viscosity and increasing the
temperature/shear rate resulted in a reduction in the viscosity. Table 6-3 lists the
values at maximum shear rate (i.e. 1500 s™') and 70, 80 and 90°C respectively for
these samples. The viscosity values in the Table 6-3 also shows that for ternary
compositions, apart from P1, which had the lowest concentration of water (i.e.
2%), addition of water (for a constant MC concentration) resulted in increased

viscosity at a constant temperature.
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Figure 6-9. Viscosity of MC-propylene glycol compositions
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Viscosity (mPas) at 1500 s~
{.JTE} PG Binary Compositions Ternary Compositions
1% MC | 2% MC | 5% MC | P1 P5 P& P9
70 | 114 | 227 47 .2 137 | 331 | 634 | 8557 | 913
80 | 98 | 177 3.1 1357 | 249 | 469 | 680G | 7705
90 | 65 | 147 26 6 1045 | 190 | 349 | 5372 | 6587

Table 6-3. Viscosity of MC in propylene glycol (binary and ternary compositions)

6.3.2 Butylene Glycol Based Samples

The viscosities at 70, 80 and 90°C (at 1500 s™') of butylene glycol and MC in
butylene glycol (binary and ternary compositions) are presented in the Table 6-4.
Figure 6-11 and 6-12 show the viscosity curves for butylene glycol based binary

and ternary compositions respectively.

As in propylene glycol, MC in butylene glycol showed increased viscosities upon
increasing MC concentration. Also, the viscosity of each composition (i.e. constant
MC concentration) reduced upon increasing the temperature and/or shear rate.
For ternary compositions, water addition (constant MC concentration) increased
the viscosity at a constant temperature. Compared with binary compositions of MC
in propylene glycol, MC in butylene glycol showed lower viscosities. On the other
hand, ternary compositions of MC in butylene glycol showed higher viscosity
values than the same compositions in propylene glycol. These results will be

explained later in the discussion section (i.e. section 6.6)

Viscosity (mPa.s) at 1500 s~
{uTc} EG Binary Compositions Ternary Compositions
1% MC | 2% MC | 5% MC B1 B5 B6& B2
70 | 151 207 24 1 F8.3 d96 | 891 8719 1373
20 [ 121 16.4 18.6 B34 328 | BBZ | 6991 1091
90 (104 13.5 15.2 2.6 260 | 5245 | 5818 | 8605

Table 6-4. Viscosity of MC in butylene glycol (binary and ternary compositions)
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Figure 6-11. Viscosity of MC-butylene glycol compositions
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Figure 6-12. Viscosity of MC in butylene glycol and water (ternary compositions)
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6.4 Surface Tension Measurements

As mentioned earlier, industrial print head manufacturers typically use 20 mPa.s
as the maximum viscosity for a material to be jetted, therefore, compositions which
showed 20 mPa.s or lower viscosity at 80°C were selected for surface tension
measurements. For a material to be jetted through a demand mode inkjet print
head, the surface tension values should be between 20-70 mN/m [18]. Only 1 and
2% MC in both propylene and butylene glycol (binary compositions) showed
viscosities lower than 20 mPa.s at 80°C (Table 6-3 and 6-4). Therefore, it was
decided to perform surface tension measurements to evaluate their jettability.
Surface tensions of propylene and butylene glycols and 1 and 2% MC in both
propylene and butylene glycol at different temperatures are shown in the Figures

6-13 and 6-14 respectively.
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Figure 6-13. Surface tension of propylene glycol and MC (1 and 2%) in propylene glycol
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6.5 Texture Analysis

Both 1 and 2% MC in propylene and butylene glycol (binary) compositions showed
viscosities and surface tension values within the jettable limits. Therefore, to
characterise their compressive strengths, texture analysis was performed on these
compositions. For comparison, texture analysis of 5% MC in both propylene and
butylene glycol was also performed. Figure 6-15 shows the force — displacement
curves for 1, 2 and 5% MC in propylene and butylene glycol. Figure 6-16 shows

the curves for 1 and 2% compositions on a magnified scale (vertical axis).
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Figure 6-15. Force — displacement curves for MC in propylene/butylene glycol gels
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6.6 Discussion

Ternary compositions showed that addition of water enhanced the dissolution of
MC in both propylene and butylene glycol. From the heating/cooling graphs shown
in Figures 6-1 to 6-3 and 6-5 to 6-7, it is clear that the gels which have the same
concentration of MC but increasing water concentration are relatively softer and
these gels form/melt at lower temperatures. For example, Figures 6-1 and 6-5
show that in both propylene and butylene glycol, 2% MC concentration forms a
turbid gel for 2% water concentration (i.e. sample 1) but for 11% water (i.e. sample
5), the gel was clear and formed at lower temperatures. Similarly, further
increasing water concentration to 20% (i.e. sample 8) resulted in no gel formation.
Similar trends can be seen for each fixed MC concentration sample. This effect of
water shows that the combination of glycol and water provides better solvency for
MC which is mainly due to the strong interactions between MC and water. When
water and glycol are mixed, hydrogen bonds between glycol and water are formed
and when MC is added to these mixed solvents, it is not dissolved and therefore,

these compositions were turbid before heating. During heating, hydrogen bonds
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between solvents and MC are formed and so MC dissolves. This dissolution is
evident from changing of turbid samples to clear liquids/gels upon heating.
Similarly, when these samples were cooled and formed gels, modified cellulose
chains remain surrounded by a network (due to hydrogen bonding) of water
molecules and thus increased water resulted in clear gels. This effect is evident
from Figures 6-4 and 6-8 as samples 1, 2 and 3 had increasing concentrations of
MC but only 2% water. Therefore, these compositions formed turbid gels upon
cooling because the concentration of water was not sufficient to form hydrogen
bonds with all the MC chains and some of the MC chains which contained
methoxy groups (i.e. modified cellulose units), interacted with each other during
cooling to form turbid gels in the same way as binary composition gels. Samples
8, 9 and 10 which had the same MC concentration as samples 1, 2 and 3
respectively but the highest water concentration (i.e. 20%) showed clear
liquids/gels during cooling due to hydrogen bonding between water and MC

chains with methoxy substitution.

Viscosity measurements showed that MC in propylene glycol had higher
viscosities than for the same concentration in butylene glycol (binary compositions
in Table 6-3 and 6-4). These higher viscosities for MC in propylene glycol could be
due to better solvency of MC in propylene glycol. As discussed in the previous
chapter, propylene glycol has the nearest solubility parameter to MC. Therefore,
strong hydrogen bonding association between MC and propylene glycol exists.
These strong hydrogen bonding interactions result in relatively high viscosities
than for the same concentration of MC in butylene glycol at the same temperature
and/or shear rate. The texture analysis results also support the evidence for a
stronger structure between MC in propylene glycol than between MC in butylene
glycol. Figures 6-15 and 6-16 show that the force required for the same amount of
displacement (i.e. deformation) was higher for MC in propylene glycol than for the
same concentration of MC in butylene glycol. These higher values of force show
that the network structure of MC/propylene glycol gels is stronger than the

structure of MC/butylene glycol gels.

Viscosity values of ternary compositions (Table 6-3 and 6-4) show that the
addition of water increased the viscosity at a fixed MC concentration, temperature

and shear rate. Sample 5 had a higher concentration of water (i.e. 11%) than
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sample 1 (2% water) but both contained 2% MC. Similarly, samples 6 and 9
contained MC at a concentration of 6% but water concentration was increased
from 11% to 20%. The viscosities of sample 5 (i.e. P.5 and B.5) and sample 9 (i.e.
P.9 and B.9) were higher than samples 1 (P.1 and B.1) and 6 (P.6 and B.6)
respectively. This could be due to enhanced hydrophobic association upon
heating by the addition of water. It has been reported that in aqueous MC
solutions, heating results in increased hydrophobic association between MC
chains and the viscosity of solutions increases [109,171,173,174,176,178].
Therefore, the development of MC interactions with water upon heating could be a
reason for the increased viscosity upon water addition. However, ternary
compositions of butylene glycol showed relatively higher viscosities than the same
compositions in propylene glycol. This could be because propylene glycol
molecules are smaller than butylene glycol. Propylene glycol is less hydrophobic
than butylene glycol [132] and it has been reported that short chain alcohols act as
a water structure breaker (i.e. strong interactions with water) whereas the longer
chain (i.e. 4 or more carbon atoms) alcohols act as a water structure maker (i.e.
relatively less interaction with water) [129]. When water is mixed with propylene
glycol, it interacts more with the glycol molecules and less with MC so the
hydrophobic effect is lower than in butylene glycol. On the other hand, in butylene
glycol, water interacts less with butylene glycol and more with MC and enhances
hydrophobic association between MC chains. This causes relatively higher
viscosities for the ternary compositions with butylene glycol than with propylene
glycol. Due to its lower concentration compared to the glycols, the effect of
hydrophobic association caused by water only results in increased viscosity and

not in the formation of gels.

The viscosity results (Table 6-3) also showed that for ternary composition of MC in
propylene glycol with 2% water content (i.e. P1), the viscosity was slightly lower
than the same concentration (i.e. 2%) of MC in propylene glycol in the absence of
water. This lower viscosity for P1 could be due to the interaction between water
and propylene glycol. Since P1 has only 2% water, this low concentration of water
interacts only with propylene glycol due to the strong affinity between the two and
does not contribute in the hydrophobic association which take place upon heating

in the presence of relatively higher water concentration (i.e. in samples P5, P6 and
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P9). Therefore, the absence of hydrophobic association in P1 at higher
temperatures could be the reason for its relatively lower viscosity than the same

concentration of MC in propylene glycol but with no water.

Surface tension results (Figures 6-13 and 6-14) show that adding MC results in a
lowering of surface tension for both propylene and butylene glycol. However, as
the concentration was increased from 1% to 2%, a slight increase in surface
tension for both propylene and butylene glycol was observed. This shows that for
low concentrations such as 1% or lower, MC acts as a surfactant in both the
glycols. When MC concentration was increased beyond 1%, increased
interactions between MC and glycol molecules resulted in increased surface
tension. However, surface tension values for 1 and 2% MC in both propylene and
butylene glycol were within the limits suitable for jetting.
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7 Conclusions and Recommendations for Future work

7.1 Conclusions

7.1.1 Pluronic F-127

On the basis of results obtained for Pluronic F-127 in a variety of non-aqueous

solvents, the following conclusions can be drawn:

F-127 formed gel in formamide and these gels persisted up to 150°C.

These gels were similar to aqueous Pluronic gels and reverted back to a
liquid state upon cooling.

Due to its toxicity and possible decomposition into harmful products at higher
temperatures, formamide was discarded as a solvent for this research.

25% F-127 in octanol, propylene glycol and butylene glycol did not show gel
formation at any temperature.

F-127 partially dissolved in ethylene glycol at low temperatures (i.e. 25°C)
resulting in turbid solutions.

Upon increasing the temperature, the solubility of both PEO and PPO
increased, resulting in clear solutions between 40 — 45°C.

Concentrations of up to 25% Pluronic F-127 in ethylene glycol did not form
gels at any temperature up to 150°C.

The 25% F-127 in ethylene glycol formed a gel upon cooling near 50°C.

This gel formation (i.e. in ethylene glycol) was different from aqueous
Pluronic gels as in ethylene glycol, hydrogen bonding between ethylene
glycol and Pluronic chains and changed conformation of PEO result in an
amorphous gel whereas aqueous Pluronic solutions form gels due to
formation and subsequent arrangement of micelles into crystalline order.
Upon cooling, all the samples formed white soft, wax like solids at 25°C due
to crystallisation of PEO. DSC suggested that an imperfect crystal structure

was produced.

Since a gels produced from F-127 in ethylene glycol melted near 50°C, they could

not be used as a support material for jetting of caprolactam. Also, due to its high
viscosity (i.e. higher than 20 mPa.s at 80°C) the gel formed by 25% F-127 in
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ethylene glycol upon cooling was not suitable for jetting. However, if used with a
print head which could operate at higher temperatures (such as from MicroFab),
this composition could possibly be jetted and could form a reusable, low melting
point (near 50°C), jettable support material.

7.1.2 Methylcellulose

Due to their gel formation properties, methylcellulose (MC) and hydroxypropyl
methylcellulose (HPMC) were studied in ethylene glycol. MC in ethylene glycol
formed gels upon cooling but these gels melted at higher temperatures (i.e. higher
than 80°C). Due to its higher molecular weight and more complex structure than
MC, HPMC produced gels which did not re-melt upon heating. Therefore, MC was
selected for further investigations using propylene and butylene glycol. Based on
hot stage FTIR, hot stage microscopy, DSC, XRD, viscosity and surface tension

measurements, the following conclusions were drawn:

e MC dissolved upon heating and formed gels during cooling in both propylene
and butylene glycols.

e These gels melted during heating and the melting temperature of gels was
dependent upon the MC concentration.

e The gels formed were different from aqueous MC gels. In water, association
between methoxy containing MC chains take place upon heating whereas in
glycols, association takes place upon cooling.

e Higher concentrations (i.e. 5% MC or more) showed gel melting at higher
temperatures (i.e. higher than 80°C) but lower concentrations (i.e. 1 and 2%)
melted into liquids below 80°C.

e Addition of water in small quantities resulted in formation of clear gels due to
enhanced solvency of MC but resulted in increased viscosities at higher
temperature due to increased hydrophobic association.

e Only lower concentrations of MC (i.e. 1 and 2%) in propylene and butylene
glycol (binary compositions) showed viscosities within a jettable range at
80°C.

e The surface tension values for these compositions were also within a jettable

range.
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The results showed that low concentrations of MC (i.e. 1 and 2%) in both propylene
and butylene glycol have viscosity and surface tension values (at 80°C) within the
jettable range for commercially available print heads such as by Xaar, Diamatix,
Tridant and Ricoh. The gels formed by these compositions can therefore be used
as possible support materials for commercially available inkjet based AM processes
such as solidscape, polyjet and multijet modelling. The fact that both components of
these compositions (i.e. glycol and MC) are highly soluble in water makes these
compositions easily removable by water dissolution. Also, relatively low melting
points (below 50°C) would allow these gels to be removed by melting. Removal by
melting allows reuse of the material and could result in reduced cost and improved

sustainability.

In conclusion, novel combinations of polymers and solvents where prepared and
investigated which showed interesting behaviour upon heating/cooling. Selected
compositions showed properties suitable for jetting and could be used as support

materials for jetting based inkjet processes.

7.2 Recommendations for Future Work

The research carried out in this report was based on novel combinations of
polymers and solvents. Since no similar combinations for applications such as three
dimensional inkjet printing were previously researched, this project was a first step
towards this direction and therefore, carries a vast potential for further research.
Following are some of the directions in which the research can be continued in the

future:

e Although the selected compositions have shown viscosity and surface
tension values well within jettable limits, jetting them through commercially
available jetting based AM machines and/or inkjet heads would provide
useful results.

e Once jetted, formation of layers and evaluation of dimensional and/or surface
characteristics would be important as this will dictate the final accuracy of the
built part.

¢ Interaction between support material and build material (e.g. caprolactam) is
also important to determine the right combination of support and build

material and thus a successful build.

145



If reheated, the behaviour of these gels was reversible (i.e. melt upon
heating and form gel upon cooling) and therefore, they can be used for more
than one build. However, it is yet to be determined after how many heating
cycles they show significant change in their properties such as melting point,
viscosity and surface tension.

Effect of molecular weight (M,,) and/or degree of substitution (DS) was not
investigated and this could help in developing better support materials in
terms of their jettability, ease of removal and reusability by providing a better
insight into the interaction between solvents and MC with different DS and
Mw. Also, in the context of jetting of caprolactam, where a gel at high
temperatures is required, MC with high DS values (i.e. DS = 2), due to their
better solvency in non-aqueous solvents could provide suitable results.
Similarly, other cellulose ethers such as ethylcellulose, propylcellulose and
their derivates could be investigated with solvents used in this study.

Since higher boiling point solvents (b.p. > 175°C) were investigated and
these solvents have relatively higher viscosities, other solvents with lower
boiling points and lower viscosities could provide alternatives for gel
formation using either Pluronics and/or cellulose ethers (i.e. MC and HPMC).
Apart from preparation of other novel combinations involving a different
solvent/polymer combination, mixture of solvents (i.e. varying fractions of
different solvents) can also be investigated to obtain tailored gel formation
characteristics.

Although, the effect of adding small concentrations of water was investigated
for MC in propylene and butylene glycol, these ternary compositions can be
further investigated using experimental techniques such as FTIR, DSC and

microscopy to interpret the results further.
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