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ABSTRACT

A COMPUTATIONAL STUDY OF THE LUDWIG-SORET EFFECT ON THE
THERMAL-INDUCED PHASE SEPARATION PROCESS IN POLYMER
SOLUTIONS

Sureshkumar B. Kukadiva, MASc, 2008.

Department of Chemical Engineering, Ryerson University.
350 Victoria Street, Toronto, Ontario M5B 2K3 Canada.

Thermal-induced phase separation (TIPS) is one of the methods used to fabricate func-
tional polymeric materials, i.e. PDLC films for electro-optical devices such flat-panel
displays, switchable windows etc., and microporous synthetic membranes from polymer
solutions. Since the characteristic thermal, mechanical, and optical properties of these
materials are controlled by the morphological features, it is important to understand the
phase separation mechanism that forms these materials. In this work, the effect of thermal
diffusion, also known as the Ludwig-Soret effect, on the TIPS method of phase separation
via the SD mechanism in polymer solutions under non-uniform temperature field has been
investigated using the computational technique. The Ludwig-Soret effect occurs when a
temperature gradient applied to a fluid mixture induces a net mass flow, which leads to
the formation of a concentration gradient. A rigorous mathematical model for TIPS via
the spinodal decomposition mechanism based on the nonlinear Cahn-Hilliard and Flory-
Huggins theories combined with thermal diffusion phenomenon has been formulated for
binary polymer solutions under non-uniform temperature field and solved numerically.
Numerical simulation results revealed that the thermal diffusion phenomenon had very
little or negligible effect on the phase separation mechanism under a non-uniform temper-
ature field, which was reflected from the studies of the time evolution of structure factor

and transition time from the early to the intermediate stages of SD.
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GENERAL INTRODUCTI

Phase separation in polymer solutions or polymer blends has attracted a great amount of
interest among scientists in recent years. Phase separation in polymer solution is one of the
most important and very well known phenomena used for manufacturing functional poly-
meric materials, which are extensively used in engineering applications. Some of the typical
examples include micro-porous synthetic (polymeric) membranes and polymer dispersed
liquid crystals (PDLC) films for electro-optical devices, such as flat-panel displays for com-
puter monitors, televisions; switchable or privacy windows etc. Due to the widespread
demand and scope of the unique thermal, mechanical and optical properties of these ma-
terials, there has been continuous research and development for the modification of these
materials for better properties and functionalities for the last two decades. Therefore, it is
very important to understand the nonlinear phenomena that form these special materials.
This chapter describes the methods used to fabricate these materials. It also describes the
phenomenon of the ‘Ludwig-Soret effect’ or ‘Thermal Diffusion’ as it contributes to the
process of phase separation along with the non-Fickian diffusion (uphill diffusion), under

the influence of an externally imposed spatial linear temperature gradient.

1.1 Phase Separation in Polymer Solutions

Phase separation processes in polymer solutions or polymer blends are an important and

well-studied problems in many areas of materials science. Phase separation in polymer



solutions, often called as a process of ‘de-mizing’, involves the transformation of the homo-
geneous polymer solution in its single-phase state to the inhomogeneous two-phase state,
i.e. two-phase separated regions. Such a kind of phase separation can be achieved ei-
ther by the Nucleation and Growth (NG) mechanism or by the Spinodal Decomposition
(SD) mechanism [1, 8], which will be discussed in detail in the next section of this chap-
ter. Specifically, for binary polymer solutions, two-phase separated regions consist of the
polymer-rich and solvent-rich regions. It is very important to stabilize the phase separated
structure of a polymer solution after the process of phase separation in order to utilize
its morphological properties to the greatest effect. This is carried out by the process of
crystallization, vitrification or gelation of the polymer-rich phase depending on the end-
application of the polymer solution. After the structural stabilization, material transtorms
into a porous membrane if the solvent is removed from the material either by solvent evap-
oration, extraction, or freeze drying. It can also be transformed into a PDLC film if a low
molecular weight liquid crystal (LC) is used as a solvent. There are two very popular meth-
ods used for the initiation of the phase separation process for the formation of anisotropic
polymeric materials, namely the Thermal Induced Phase Separation (TIPS) method and

the Polymerization Induced Phase Separation (PIPS) method [9,10,11].

The structural anisotropy can be introduced by imposing an external fluctuation, such as
an electric field [12,13], a shear flow [14, 15], a concentration gradient [16,17,18,19], a
temperature gradient [20,21,22], or a controlled chemical reaction [23,24,25,26]. In the
TIPS method, the phase separation process is initiated or induced by rapidly changing the
temperature of the solution, or by introducing the temperature gradient across a polymer
solution and in the PIPS method, as the name suggests, the phase separation is induced
by converting the reactive monomer molecules into polymer through the polvmerization

process.




1.2 Phase Separation Mechanisms

Phase separation mechanism is usually driven by the thermodynamics of the polymer so-
lution, but kinetic processes like nucleation and molecular diffusion often determine the
nature of the process. As mentioned in the previous section, two distinct mechanisms are
recognized in the phase separation process, the Nucleation and Growth (NG) mechanism
and the Spinodal Decomposition (SD) mechanism [5]. Figure 1.1 shows a schematic of a
typical phase diagram of a binary polymer solution, which is a plot of temperature, T

versus solvent concentration, ¢. The solid curve represents the binodal curve, often called

Critical Point

Single Phase
Region
T, e
i SpinoF{al
g
2
<
3
[oh
= .
g Binodal Curve

Spinodal
Region

Metastable
Region

Solvent Concentration, ¢

Figure 1.1: Schematic of a typical phase diagram of a binary polymer solution showing the
binodal curve and the spinodal curve [1].



as an equilibrium curve and the dash-dot curve represents the spinodal curve. The phase
diagram is asymmetrical and it shows the upper critical solution temperature (UCST)
behavior of a polymer solution, which is typical of a binary polymer solution. The area
under the spinodal curve (shaded area in gray as shown in Figure 1.1) is called the spinodal
or unstable region and the area under the binodal curve and outside the spinodal curve
is called the metastable region (shaded area with fine dots as shown in Figure 1.1). The
point, where the binodal and spinodal curves meet each other, is called the critical point (a
dark filled dot as shown in Figure 1.1) and the corresponding concentration and tempera-
ture at the point are called the critical concentration, ¢., and the critical temperature, 7,
respectively. The area, outside the binodal curve, represents the region of homogeneous

single phase.

If the system requires an activation energy for the initiation of the new phase, then the
phase separation proceeds by the Nucleation and Growth (NG) mechanism [27]. This
process usually occurs beneath the binodal curve in the metastable region of the phase
diagram as shown in Figure 1.1. Alternatively, under the spinodal curve, the phase separa-
tion occurs without an activation barrier. This lack of activation barrier changes the nature
of the process significantly, leading to the Spinodal Decomposition (SD) mechanism [27].
Which phase separation route the system chooses depends on the size of the gap separat-
ing the binodal curve and the spinodal curve, the size of the activation barrier within the
metastable region, whether nucleation sites are available, and the rapidity with which the
system crosses the phase boundary line. Such factors are often critical in PDLC systems
or microporous synthetic polymeric membranes, as the nucleation and growth (NG) and
the spinodal decomposition (SD) mechanisms can lead to different types of polymer mor-

phologies in the final film as shown in Figure 1.2.

Figure 1.2 is a typical phase diagram (temperature, T' versus solvent concentration, ¢) of




Nucleation and Growth Spinodal Decomposition

Temperature, 7

iy

Solvent Concentration, ¢ ¢

Figure 1.2: A typical phase diagram (temperature, 7" versus solvent concentration, ¢) of
a binary polymer solution showing different morphologies that can be obtained depending
on the location of the quench point (¢,T') on the phase diagram [1].

a binary polymer solution showing different morphologies that can be obtained depending
on the location of the quench point (¢, T') on the phase diagram. If the quench point (¢, T')
of the polymer solution lies in the metastable region of the phase diagram, the phase sep-
aration occurs by the nucleation and growth (NG) mechanism, which produces randomly
distributed droplet-type morphology that grows over time due to the increase in free en-
ergy of the solution. If the quench point (¢, T') of the polymer solution lies in the spinodal
region or unstable region of the phase diagram, the phase separation occurs by the SD

mechanism due to existing infinitesimal concentration fluctuations that drive or initiate

the phase separation in the SD region and two kinds of morphologies are formed: the



droplet-type (off critical quench) and the interconnected-type (critical quench) as shown
in Figure 1.2. Depending on the location of the quench point (¢,7"), the droplet type
structure has a continuous phase and dispersed phase as indicated by the reversal of black

and white regions as shown in the SD structures in Figure 1.2.

Figures 1.3 and 1.4 show the one-dimensional spatial concentration profile of phase sep-
aration by NG and SD, respectively. In the metastable region of the phase diaéram, an
increase in the free energy of the solution due to the sufficient increase in the concentra-
tion fluctuations in the polymer solution causes the phase separation to occur by the NG
mechanism. Consequently, phase separated droplet-type morphology develops and grows
over time, where the direction of the diffusional flux is said to be downhill (from higher
concentration to lower concentration) as indicated by the downward arrows in Figure 1.3
at time, t; (downhill diffusion - typical of NG). Pattern formation as a result of the phase
separation by the NG mechanism is shown in Figure 1.3 during the times, t; and t;, which
is indicative of the development and growth of the phase separated regions or domains over
the time. In the spinodal region or unstable region of the phase diagram, infinitesimal con-
centration fluctuations in the polymer solution are sufficient to drive or initiate the phase
separation by the SD mechanism. Thus, phase separation by the SD mechanism is a spon-
taneous process as there is no need of activation energy to overcome any energy barrier.
The direction of the diffusional flux is said to be uphill (from low concentration to higher
concentration) as indicated by the upward arrows in Figure 1.4 at time, ¢y (uphill diffusion
- typical of SD). The phase separation process by the SD mechanism is comprised of three
stages: early stage, intermediate stage and late stage (refer to Figure 1.4). The phase sep-
arated regions (droplet/interconnected morphology) grow over the time from initial stage
to intermediate stage and become larger and larger as time passes due to coarsening of the

phase separated regions at the late stage of phase separation by SD.
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1.3 Methods of Phase Separation

There are several methods of polymer phase separation available for manufacturing of the
structural anisotropic materials, i.e. PDLC systems, microporous polymeric membranes
etc. Out of these methods, Thermal-Induced Phase Separation (TIPS) and Polymerization-
Induced Phase Separation (PIPS) methods are the most commonly used methods industri-
ally for the formation of above mentioned materials [27] and therefore, these two methods
will be described. Other than these methods, the Solvent-Induced Phase Separation (SIPS)
method [27] is also used for the preparation of the above mentioned polymeric composites

materials.

1.3.1 Thermal-Induced Phase Separation (TIPS) Method

PDLC films and microporous synthetic (polymeric) membranes are produced by this
method, which relies on thermally driven phase separation process called Thermal-Induced
Phase Separation (TIPS) [27]. In the TIPS methods, a polymer solution is rapidly cooled
(quenched) (in case of the UCST solutions) or heated (in case of LCST solutions) in such
a way that the conditions of the polymer solution falls in the spinodal region of the phase
diagram from its initial homogeneous single phase condition, and consequently, it causes
the phase separated regions to form within the solution. Polymer solutions undergoing
TIPS via the spinodal decomposition (SD) mechanism may develop a droplet-type mor-
phology (¢ < ¢, and ¢ > ¢.) or interconnected-type structure (co = ¢.) depending on the
initial concentration, (cg) [28,4]. Critical (off-critical) initial concentrations result in the
interconnected-type structure (droplet-type morphology). Functional polymeric materials
normally require the droplet-type morphology that develops and evolves during the early
and intermediate stages of SD before significant droplet coarsening occurs in the late stage
of SD. Application of a temperature gradient [22] or a concentration gradient [19] causes an

anisotropic droplet-type morphology to form, where the droplet size varies along the gradi-



ent direction, but is uniform within the plane normal to the gradient direction. Therefore,
it is important to have an understanding of the morphological development and evolu-
tion during the thermal-induced phase separation (TIPS) method by the SD mechanism
in polymer systems in order to control the manufacturing process of functional polymeric
materials, since product performance largely depends on the morphology and droplet size

in the polymeric materials.

Figure 1.5 illustrates the TIPS method of phase separation by the SD mechanism in a
polymer solution. Selection of the quench temperature, T and initial average concentra-
tion, ¢y of the polymer solution depends on the end use of the polymeric phase separated
micro-structures to be formed. As shown in Figure 1.5, three distinct routes or process
paths of the TIPS method via the SD mechanism describe two different resultant mor-
phologies: the droplet-type morphologies and the interconnected-type structures. In the
case of the critical quench (route B in which initial average concentration, ¢; is chosen to
be the the critical concentration, ¢, of the solution in the phase diagram.), the resultant
morphology is of interconnected-type structures, and in the case of the off-critical quench
(route A or C in which initial average concentration of the solution, ¢ is chosen to be
less than or greater than the critical concentration, ¢, of the solution, respectively.), the
droplet-type morphology results [4]. The black regions represent the solvent-rich regions
and the white regions represent the polymer-rich regions. The TIPS method via the SD
mechanism, following the route A, is the most widely and extensively used for the manu-
facturing of the functional polymeric materials, such as PDLC and microporous synthetic
membranes industrially. Other process routes have also been studied during the course of

this research thesis.
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Temperature, T

Solvent Concentration, ¢ Ce

Figure 1.5: A schematic of the phase diagram showing the phase separation by TIPS
method via the SD mechanism, which involves the quenching of a homogeneous single
phase polymer solution at an average initial concentration, ¢y (open circles) from its initial
temperature, T; to the final temperature, Ty. In the case of the critical quench (route
B), the resultant morphology is of interconnected-type structures, and in the case of the
off-critical quench (route A or C), the droplet type morphology results. c. represents the
critical concentration of the polymer solution [2].

1.3.2 Polymerization-Induced Phase Separation (PIPS) method

The polymerization-induced phase separation (PIPS) method has proved to be the most
useful in forming the durable films with good electro-optical properties, though it is more
complex process than the conventional thermal-induced phase separation (TIPS) method
as it involves both the process of phase separation or de-mixing as well as the process
of polymerization simultaneously [11,29]. Unlike the TIPS method, the PIPS method is

usually irreversible as the crosslinking between the polymer chains is easily accomplished.
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Because of this crosslinking, the polymer matrix in the resulting film can be quite durable,
leading to an excellent stability of the PDLC device properties. It is usually quite easy
to change the chemical nature of the matrix in PIPS systems. The inherent flexibility in
the polymerization process makes a wide variety of starting materials both possible and
readily available. In PIPS methods, as the name implies, the phase separation is induced by

converting the reactive monomer into the polymer through the process of polymerization.

In the PIPS method, first of all, a homogeneous single phase solution is prepared by
mixing reactive monomers and non-reactive solvent at an initial average concentration, ¢
and initial temperature, 7;. This point on the phase diagram is called the cure point (black
dot in Figure 1.6). Thus, the PIPS process starts with stable single-phase homogeneous
mixture. The reactive monomers are then allowed to polymerize either by photo-initiation
or thermal-initiation process. As the polymerization proceeds, the molecular weight of
the polymer increases along with the solute degree of polymerization. Ag a result, the
equilibrium curves, i.e. binodal and spinodal curves, of the polymer on the phage diagram
shifts towards the higher solvent concentration and temperature (refer to Figure 1.6). One
concern regarding PIPS systems is that it can be tricky to achieve uniform properties across

a cell, or create many devices with exactly same properties.

The phase separation process is sensitive to temperature, light intensity (in photo-cured
systems), the presence of impurities, the solubility characteristics and molecular weight
of the starting materials. Variations in the phase separation process can lead to different
matrix morphologies, which in turn affect the performance of the functional polymeric
materials. Great care must be taken in PIPS systems to achieve reproducible and uniform

devices.
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Figure 1.6: A typical phase diagram showing characteristic properties of the PIPS method.

As the solute (polymer) degree of polymerization, Ny increases, the phase diagram shifts
upward (in the direction of the arrow). The phase separation begins as soon as the cure
point (black dot) enters the unstable region or spinodal region of the phase diagram [4,2].
(tl <ty < fg)

1.4 The Phenomenon of Ludwig-Soret Effect

A temperature gradient applied to a liquid mixture not only causes a heat flux, but also
gives rise to a diffusion current of the constituent components. The resulting separation
of the components causes the formation of a concentration gradient parallel or antiparal-
lel with respect to the temperature gradient. This cross-effect between temperature and
concentration is known as Ludwig-Soret effect or thermal diffusion [30,31]. Compared
to other transport properties, thermal diffusion has not been much studied by computer

simulations for TIPS methods of phase separation in polymer solutions under temperature
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gradient. During the last decade, however, a couple of different simulation methods have
been applied to a few systems, aiming both at determination of numerical values of the
Soret coefficient and at a better understanding of the phenomenon. Since its discovery by
Ludwig (1856) and the first systematic investigations in liquid mixture by Soret (1879),
the effect has been subject to experimental and theoretical studies. They observed a direct
thermodiffusion in which a difference of a solute concentration (and thus, the matter flow)
is caused by a temperature gradient. In particular, they found that the change in concen-
tration occurs in a tube, which is filled with an initially homogeneous salt solution and has
both ends kept at different temperatures. For instance, they showed that for a solution of
sodium chloride (NaCl), the salt concentration at the heated end of tube decreases, while
at the cold end, it increases [31]. Furthermore, the effect is widely used in several industrial
processes, such as separation of isotopes, polymer characterization, separation of products
in a porous catalyst in chemical reactors, condensing a vapour mixture on a cold surface,
and water injection in oil reservoir. All of these industrial processes have in common that
they involve a mixture subject to a temperature gradient. This research thesis attempts to
investigate and understand the effect of the thermal diffusion on the overall TIPS method
of phase separation in a binary polymer solution under the influence of the externally im-
posed temperature gradient across the sample numerically and analyzes the morphological

and statistical aspects of the polymer phase separation.
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CHAPTER 2
LITERATURE

VIEW

This chapter provides the literature review on the subject of the polymer phase separation
in regards to its industrial applications and also in regards to the methods used to carry
out the polymer phase separation process. This research work is limited to polymer phase
separation method of thermal-induced phase separation (TIPS) via the SD mechanism, as
it is one of the most widely used methods for the formation of many functional polymeric
materials, such as polymer dispersed liquid erystal (PDLC) films, microporous polymeric
membranes & foams etc. This chapter also presents the literature review on the subject
of thermal diffusion phenomenon in polymer solutions under a non-uniform temperature

field.

2.1 Thermal-Induced Phase Separation Method

Thermal-induced phase separation (TIPS) has been the most widely used method for for-
mation of the polymeric anisotropic functional materials, such as polymer dispersed liquid
crystal (PDLC) devices as well the microporous synthetic materials (i.e. membranes, foams
etc) since its invention by Castro in early 1980s [32]. There have been several numerical
studies carried out for the investigation of the thermally-induced phase separation (TIPS)
method of phase separation in polymer solutions, specially by Chan and Rey [28,33] in the

last decade.



Lee et al [22] developed a two-dimensional mathematical model describing the thermal-
induced phase separation (TIPS) phenomenon via the spinodal decomposition (SD) mecha-
nism in polymer solutions using the non-linear Cahn-Hilliard theory and the Flory-Huggins
theory under an externally imposed spatial temperature gradient. The numerical results, in
form of the spatial concentration profiles and patterns, indicated that isotropic morphology
resulted from a uniform quench (no temperature gradients), while anisotropic morphology
formed in case of a non-uniform quench (in presence of temperature gradient). The mor-
phological analysis of the shape factor showed that the formation of droplet shape was
independent of the spatial temperature gradient. Tran et al [34,35] presented the compu-
tational study of the morphology development and evolution during the thermal-induced
phase separation phenomenon via SD mechanism for a symmetric polymer blend in order
to understand and control the morphology formation and evolution in the polymer blends
to fabricate functional polymeric composite materials with predefined material properties
and characteristics. The non-linear Cahn-Hilliard and the Flory-Huggins theories were
used to model the TIPS method of phase separation via SD mechanism. Their simula-
tion results indicated that the maximum light-scattering intensity increased exponentially
during the early stage and early part of the intermediate stage and then slowed down
during the later part of intermediate stage and late stage of the SD through the structure
factor calculations. The simulation results also showed that the dimensionless diffusion
coefficient might be manipulated to control the formation and evolution of the morphology
during the SD to customize the functional polymeric materials’ properties and character-
istics. Jiang and Chan [19] presented the numerical results of mathematical model that
described the two-dimensional TIPS phenomenon via SD mechanism in polymer solution
with linear concentration gradient (non-uniform quenches) and the comparison with the
conventional TIPS process (uniform quench). Unlike the conventional TIPS process (uni-
form quench), the morphological development in the polymer solution was found to be a

graded size distribution, i.e. anisotropic structures, for the case of non-uniform quench (in
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presence of linear initial concentration gradient) in their computational study. Apart from
above referred general computational studies, there has also been significant amount of
experimental as well as some numerical or computational studies performed in regards to
the specific applications, i.e. formation of PDLC films, microporous synthetic membranes

etc., which will be illustrated in following subsections.

2.1.1 Polymer Dispersed Liquid Crystal (PDLC) Films

Polymer-dispersed liquid crystal (PDLC) composites have been the subject of research
for many years due to their applications in electro-optical devices, such as flat panel dis-
plays, switchable windows etc [11]. A PDLC film is composed of a polymer binder and a
larger number of liquid crystal (LC) microdroplets or domains dispersed in it. Commonly
" used materials for the formation of PDLC films are polymethyl methacrylate (PMMA)
and polyvinylformal (PVF) as polymeric matrix and 4-cyano-4-pentyl biphenyl (5CB) li¢-
uid crystals dispersed in it. A simple and the most common method for preparation of
PDLC films is to exploit phase separation mechanism by the thermally-induced phase sep-
aration (TIPS) method. Thermally-induced phase separation (TIPS) process is useful in
situations, where the polymeric malarial employed is readily melted. In this method, the
liquid crystal is usually dissolved in a polymer melt, yielding a homogeneous solution. A
thin film is then produced and material is cooled to induce phase separation followed by
solidification. Other methods of phase separation for preparation of PDLC films include
the solvent-induced phase separation (SIPS) and polymerization-induced phase separation

(PIPS).

The pivotal work for studying the morphological control and structural analysis in prepa-
ration of PDLC film started in the late 1980s [36,37,38]. Since then, there has been a
continuous research work going on in the area of modification and improvement of the

properties of PDLC films for better performance. West [36] successfully studied and inves-
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tigated TIPS method of phase separation for preparation of PDLC films using the ther-
moplastic polymer-LC system of Epon 828 and ¢-butylamine. It was demonstrated that
the rate of cooling of the polymer melts affected the resulting droplet morphology. Rapid
cooling resulted in smaller diameter and more LC remaining in the binder, whereas the
slower cooling resulted in larger droplets, which was because slower cooling allowed more
time for phase separation, droplet growth and droplet coalescence. Under terrestrial con-
ditions, gravitational forces can strongly influence the particle sizes and their distribution
via sedimentation and coalescence, thereby making it difficult to study the importance of
the intrinsic parameters, which control the process of TIPS for formation of PDLC films.
Jin et al [39] analyzed the TIPS process and determined the critical parameters, which
controlled the phase separation and the subsequent growth of the liquid crystal droplets in
the PDLC systems under microgravity. In their study, the effect of cooling rate was inves-
tigated on droplet sizes in the TIPS process both experimentally and in simulation under
microgravity environments, and found that, in both cases, a faster cooling rate vielded
smaller droplets and improved the uniformity of their dispersions in the polymer binder.
However, the simulation results indicated that surface interaction energy played a major
role in setting up surface barriers, which hindered the growth. Their simulations results
were found be in good agreement with the experimental results as far as final droplet sizes
were concerned. Teixeira and Mulder [40] developed a model of polymer-dispersed liquid
crystal (PDLC) formation by the thermally-induced phase separation (TIPS) via spinodal
decomposition (SD) mechanism for the system consisted of thermoplastic polymer-LC mix-
ture using the cell dynamical systems (CDS) method of Oono and Puri, suitably modified
to describe a continuous temperature quench. Like others, the final morphology of PDLC
was found to be dependent on the quench rate. Chan [4] modelled and simulated the
formation of PDLC films via TIPS as well as PIPS method of phase separation via the SD
mechanism using the non-linear Cahn-Hilliard (C-H) theory and the Flory-Huggins (F-H)

theory. The numerical method of Galerkin finite element was used to solve the linearized
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fourth-order Cahn-Hilliard (C-H) equation in his study. The simulation results indicated
that the droplet size decreased with increasing the diffusion coefficient, and eventually
resulted in higher droplet density, whereas the droplet size increased with decreasing the
diffusion coefficient and eventually resulted in lesser droplet density for the TIPS method
of phase separation. Similarly, a higher quench (shallow quench) temperature resulted in
smaller droplet size and higher droplet density, whereas a lower quench temperature (deep
quench) resulted in bigger droplet size and corresponding lower droplet density. From
these simulation findings, it was concluded that the droplet size and density of the PDLC
composites were dependent on the diffusion coefficient and quench temperature of the
phase separating solution or system. Whitehead and Gill [41] experimentally studied and
investigated the formation of PDLC films via TIPS method using scanning electron mi-
croscopy (SEM) for a system consisted of thiol-ene based pre-polymer and LC components
such as 4-pentyl-4-cyanobiphenyl (K15), 4-heptyl-d-cyanobiphenyl (K21) and 4-octyloxy-4-
cyanobiphenyl (M24). Their SEM results indicated that PDLC droplet size decreased with
increasing cure temperature above the phase separation temperature for the respective lig-
uid crystal pre-polymer mixture, whereas the PDLC droplet size increased with increasing
liquid crystal composition in the liquid crystal pre-polymer mixtures cured at a constant
temperature above the thermal phase separation temperature. Based on these findings, it
was concluded that a careful choice of cure temperature and the amount of liquid crys-
tal were required to manipulate the PDLC morphology and thus, PDLC electro-optical

properties.

2.1.2 Microporous Synthetic Membranes

Microporous synthetic membranes are prepared by a variety of methods, including sin-
tering of ceramic, graphite, metal or crystalline polymer powders; stretching of extruded

homogeneous polyolefin or polytetrafluoroethylene (PTFE) films; track etching of homo-
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geneous polycarbonate or polyvester films; and phase inversion solution casting of variety of
polymers [42]. While each of these membrane preparation methods have their own advan-
tages, the thermally-induced phase separation (TIPS) method is perhaps the most versatile
and the simplest one for formation of the microporous polymeric materials, such as mem-
branes, foams etc [43,44]. TIPS has been used for formation of the microporous polymeric
membranes of controlled pore characteristics from a variety of crystalline and thermo-
plastic polymers, including polyolefins, condensation and oxidation polymers, copolymers,
and blends [32,20,21,45]. Commercially available TIPS polypropylene membranes have
proved useful in cross-flow microfiltration [46,47] and plasmapheresis [48] and also have
been investigated for possible use in membrane distillation [49]. Other uses of microporous
TIPS membranes include separators in electrochemical cells, synthetic leather, “breath-

able” rainwear and diapers, as well as surgical dressings and bandages.

In its simplest form, the TIPS process is made up of following steps:

1. A single phase homogeneous polymer solution is formed by melt-blending a poly-
mer with a high boiling, low molecular weight liquid or solid referred to as diluent

(solvent).
2. The solution is then cast into the desired shape.

3. The cast solution is cooled to induced the phase separation and solidification of the

polymer.

4. The solvent is then removed either by solvent evaporation process or solvent extrac-

tion process to produce a microporous structure.

TIPS method is distinguished from the familiar non-solvent-induced phase inversion method
of membrane preparation in at least one important aspect. In TIPS method, the single

phase homogeneous solution, from which the membrane is formed, is converted to a two




phase mixture via the removal of thermal energy rather than by the slower exchange of
non-solvent for solvent. TIPS method of microporous membrane preparation has several

advantages over other methods of membrane preparation, which include the following:

e The TIPS process is applicable to a wide range of polymers, including the poly-
mers that, because of poor solubility, could not be formed into membranes via the
traditional non-solvent-induced phase inversion. In this regards, one of the distinct
advantages of TIPS method is its ability to prepare membranes from semi-crystalline

polymers.

e TIPS method is capable of producing a variety of microstructures [42,50,32,45,20,21]
and because of its versatility, it is the most popular and useful methods for the

formation of variety of microstructural materials.

e TIPS method is capable of producing relatively thick isotropic microporous structures
suitable for controlled release. Formation of anisotropic microporous structure is also
possible, if a thermal gradient is induced in step 3 of the membrane preparation

procedure outline above [20,21].

e As the phase separation by TIPS method is thermally induced rather than non-
solvent exchange induced, it involves fewer variables, which need to be controlled,
and as a result, the desired microporous membranes with a controlled characteristics

can be produced with a great ease.

Following the four step procedure outlined above, the microporous polymeric membranes
can be formed via solid-solid phase separation or via liquid-liquid phase separation with
subsequent solidification of the polymeric system. There has been a great amount of exper-
imental research work carried out for the betterment of the properties of these microporous

polymeric membranes formed by TIPS method for last two decades or so.
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Lloyd et al [50] studied the formation of microporous crystalline polymer membranes
via thermally-induced solid-liquid phase separation of polymer-solvent mixture experi-
mentally. In their work, the thermally-induced solid-liquid phase separation process was
studied in terms of the solution thermodynamics of binary mixture and the crystalliza-
tion kinetics. The polymeric materials, investigated by them for the membrane forma-
tion, were polypropylene, high density polyethylene, polychlorotrifluoroethylene, poly(4-
methyl-1-pentene) and poly(vinylidene fluoride) etc. Lloyd et al [51] also studied microp-
orous membrane formation via thermally-induced liquid-liquid phase separation of isotac-
tic polypropylene-n,n-bis (2-hydroxyethyl) tallowmine mixture experimentally, of course
and in their work, they successfully demonstrated that microporous membranes could be
produced by liquid-liquid phase separation followed by solidification of the polymer or
by solid-liquid phase separation. Kim et al [52] examined the role of diluent mobility and
crystallization temperature in the formation of synthetic membranes via thermally-induced
solid-liquid phase separation method in the systems of isotactic polypropylene/n-alkane
and isotactic polypropylene/n-fatty acid systems. Kim and Lloyd [53] also experimen-
tally investigated the effect of thermodynamic interactions on the structure of isotactic
polypropylene membranes. On the other hand, Chiang and Lloyd [54] investigated the
effect of dissolution temperature and polymer concentration on the nucleation density and
subsequently, on the structure of membranes made by the solid-liquid TIPS process. They
realized that the phase separation proceeded via the nucleation and growth (NG) mech-
anism to yield the droplet-type morphology (common in NG quench), when the rate of
cooling was slow. On the other hand, they also observed the phase separation to proceed
via the spinodal decomposition (SD) mechanism, when the rate of cooling was faster and
obtained the interconnected-type structure for critical quench of the polymer solution (typ-

ical of SD quench).

There has also been several experimental studies carried out for the investigation of the
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effect of various process parameters on the properties and structure of the microporous
membranes formation by the liquid-liquid TIPS process. Graham and McHugh [55] stud-
ied the kinetics of liquid-liquid TIPS method of phase separation and crystallization dur-
ing thermal quenching of a polypropylene copolymer in anisole solution using small angle
light scattering (SALS), differential scanning calorimetry (DSC) and scanning electron
microscopy (SEM), and they realized the cessation of domain growth, when the solution
temperature crossed the crystallization temperature. Matsuyama et al [56, 16] studied
the effect of the cooling rate and the quench temperature on the membrane structures
formed via liquid-liquid TIPS method and successfully created anisotropic or asymmetric
membrane structures for the system of isotactic polypropylene (iPP) and diphenyl ether
(DPE) by allowing the melted solution to evaporate from one side, thereby creating a poly-
mer concentration gradient in the sample before the cooling or quenching. These kinds
of the anisotropic membranes structures, with gradation in pore size, are highly desir-
able for the some microfiltration (MF) and/or ultrafiltration (UF) application. Compared
with isotropic membranes with similar retention, anisotropic membranes show significant
improvement in permeability and throughput. In a further study of the properties and
structural control of microporous membrane, Matsuyama et al [56,17,57,58,59] also stud-
ied the liquid-liquid as well as solid-liquid TIPS method of membrane formation for various
polymeric systems in order to investigate the etfect of various parameters, such as polymer
molecular weight [58], diluent [57] and diluent evaporation rate or cooling rate [56,17],

extraction and drying [59].

Other than above mentioned experimental studies, many numerical studies have also been
performed for the investigation of the formation and structural analysis of the microporous
polymeric membranes. Many of these studies have revealed the fact that the spinodal de-
composition (SD) mechanism plays the most important role in the TIPS method of phase

separation during the formation of the microporous membranes. Caneba and Soong [21]
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were perhaps the first ones who modelled and simulated the conventional thermal inver-
sion method of liquid-liquid phase separation for formation of the anisotropic membranes
using the Flory-Huggins (F-H) theory for the polymer solution thermodynamics and the
linearized Cahn-Hilliard theory for the spinodal decomposition (SD) mechanism. In their
findings, it was observed that the growth period was relatively short compared with in-
duction and coarsening times. In addition, it was also realized that the induction period
increased with the phase separation temperature. They concluded from their modelling
and simulation work that the linear theory could adequately predict the relevant pore sizes

of thermal-cast membranes.

On the other hand, Barton et al [60] used a model based on the non-linear Cahn-Hilliard
theory to simulate the structure formation in thermally quenched polymer solution in the
vicinity of a glass transition, which was found to be in excellent agreement with their
experimental work done on the phase separation dynamics in the PMMA /cyclohexanol
system. It was concluded that the non-linear Cahn-Hilliard theory for SD mechanism
could be employed for prediction of the microporous structural development during the
early stage as well as the late stage of SD. Barton and McHugh [61] also portrayed the
used of droplet growth rate data, obtained from the light scattering measurements and/or
spinodal decomposition calculations, to model the evolution of pore size gradients in so-
lutions undergoing temperature-induced phase inversion and demonstrated the effects of
quench temperature on the transient and final pore size distribution in the quenched films
(membranes). Graham et al [62] used the small-angle light scattering (SALS) and scanning
electron microscopy (SEM) to study the morphology development in PMMA membranes
formed by the TIPS method of phase separation. Their numerical analysis of the early
time behavior of the scattered intensity in terms of Cahn-Hilliard theory established the
spinodal decomposition (SD) mechanism as the mechanism of phase separation for the

conditions studied. Matsuyama et al [63] performed kinetic studies of thermally-induced

24




phase separation (TIPS) method of microporous membranes formation for polymer-diluent
system composed of polypropylene/methyl salicylate. Their results showed a good fit with

the linear Cahn-Hilliard theory of the spinodal decomposition (SD) mechanism.

2.2 Thermal Diffusion Phenomenon in Polymers

Isothermal static and dynamical properties of polymer blends/solution have been all well
established [8,64], but not many non-isothermal studies on phase separating polymers in
the presence of a non-uniform temperature field have been carried out so far. Although,
there have been some experimental [65,66,67] as well as numerical [68,22] studies reported
in the literature on the phase separating polymer solutions and/or polymer blends under
the influence of externally applied temperature gradient in recent times. None of these
studies have taken into account the Ludwig-Soret effect, which leads to the mass flux as a

result of externally applied temperature gradient across the polymer solution/blend.

Krekhov et al [69, 70] theoretically investigated the phase separation phenomena for poly-
mer blends by modeling and simulating the coupled equations of heat and the extended
Cahn-Hilliard equation incorporating the Ludwig-Soret effect or thermal diffusion phe-
nomenon in presence of spatial periodic temperature modulations for the critical polymer
blend /mixture. Their simulations produced a periodic kink-type patterns formation in
the polymer sample domain. It was also determined, in one-dimension as well as two-
dimensions, the critical forcing amplitude necessary to produce a periodic stripe pattern

rom small random initial conditions, which depended weakly on wave number. It was also
f 11 1 tial dit , which d led weakls ber. It 1

lifetimes of many hours could be written into polymer blend in the vicinity of its critical
point by local laser heating. Reasonable agreement was demonstrated between their ex-

perimental and theoretical work. Enge and Kohler [71,72] employed a holographic grating
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technique for the measurement of diffusion and, for the first time, thermal diffusion prop-
erties of a critical polymer blend of poly(dimethyl siloxane) (PDMS) and poly(ethylmethyl
siloxane) (PEMS). Experimental results showed that the Ludwig-Soret effect played an
essential role in phase separating polymer systems subjected to temperature gradient. It
was also concluded from their work that even small temperature differences could cause
substantial composition changes, which could not be neglected in the treatment of non-
isothermal phase separation. Rauch and Kohler [73, 74] investigated mass and thermal
diffusion in polystyrene (PS)/toluene solutions over the whole concentration range from
dilute to concentrated. The collective mass diffusion, thermal diffusion and Soret coef-
ficients were determined for the PS/toluene solution by a transient holographic grating
technique and photon correlation spectroscopy. It was realized that the Soret coefficient,
which was given by ratio of thermal diffusion to collective mass diffusion, was insensitive to
the glass transition and followed the scaling law in the semi-dilute to concentrated polymer

solutions without glass transition.

de Gans et al [75] presented the results on the thermodiffusion of poly(ethylene oxide)
(PEO) in ethanol/water mixture using the Thermal Diffusion Forced Rayleigh Scattering
(TDFRS) technique. In these TDFRS experiments, the PEO was found to migrate to-
wards the region of lower temperature in water-rich solvent mixture. This is typical for
polymer solutions and corresponds to a positive Soret coefficient of PEO. In solvent-rich
mixtures, however, the polymer was found to migrate towards the higher temperatures,
corresponding to a negative Soret coeflicient of a polymer in solution. Thus, from these
experimental findings, polymer molecules were found to move into the direction of the ther-
modynamically favored preferentially solvating solvent shell composition. A simple lattice
model for the polymer solvent system was presented and Soret coe