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Abstract

Different scenarios for assembling rod-like and spherical colloidal particles using
binary mixtures of partially miscible liquids were investigated experimentally.
Suitable rod-like colloids were developed first. The subsequent studies of colloids
in binary liquids consisted, on one hand, of systems where particles were partially
wetted by both phases and, on the other hand, of systems where particles were

completely wetted by the minority phase.

A simple method to prepare large quantities of micrometer-sized akaganéite-silica
core-shell rods was developed. These were proven to be very versatile, with the
possibility of modifying their properties on different levels. The aspect ratio is
simply controlled by a gradual growth of the silica shells. From them, hollow
silica rods and rods with an increased responsiveness to a magnetic field could be

obtained in straightforward ways.

Bijels were prepared by trapping rod-like particles on a percolating liquid-liquid
interface. The familiar bicontinuous organization of liquid domains was observed
after structural arrest. At a fixed volume per particle it is demonstrated that
for rod-like particles the domain size decreases faster with increasing quantity of
particles than in the case of spherical particles. Additionally, the packing of the

rods at the interface was elucidated, revealing several characteristic features.

In particle-stabilized droplet emulsions rapid evaporation of the continuous phase
and eventual full mixing of the liquid phases can leave a cellular network
of particles. The formation and eventual stability of these networks were

investigated in detail with confocal microscopy.

When colloids are completely wetted by the minority component of an asymmetric
binary mixture there can be substantial temperature and composition regimes
outside the binodal where shear-induced aggregation can take place. This
happens as adsorbed layers present at the particle surfaces coalesce and bind
particles through a liquid bridge. Depending on particle concentration, percolat-
ing networks can form of rods wetted by the minority phase after temperature

quenching such a system just across the binodal.
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Chapter 1

Introduction

In soft matter research a very large variety of materials is investigated. This
thesis specifically concerns colloidal particles and their properties; these particles
are then used as building blocks in directed assembly. Here the main topics are

surveyed.

1.1 Colloids

Colloids are systems where one phase of matter is finely dispersed within a
continuous medium in the form of small particles. The size of these particles
typically ranges from several nm to several um. In other words, they are
intermediate between the bulk of a pure substance and systems where chemical

species are homogeneously mixed on a molecular scale. [2]

Such materials can vary hugely in composition, and the phases of matter of
which the respective dispersion medium and colloidal particles consist, can assume
nearly all thinkable combinations. Only colloidal systems where both components
are gaseous do not exist, since they cannot. Otherwise, one can think of any
other pair, for example, liquid particles in a gas (e.g. fog) and solid particles
within another solid (e.g. pearl) [2]. Consequently, it is not surprising that an
immense variety exists, offering a huge range of material properties. For a long
time mankind has been making use of colloidal suspensions, and these days the

innumerable applications include many everyday products.
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Figure 1.1 A selection of anisotropic colloidal particles, demonstrating a range
of sizes, shapes and materials. Taken from [3].
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As their applications are widespread, so is the need to understand colloidal
systems, resulting in colloid science being a very rich and active field of research
with a long history. Here, one of the main questions addresses the stability of
a colloidal suspension. These systems involve a huge area of interface between
the dispersed phase and its host medium, so why do the colloids not combine
into a single mass? It appears that the balance of various interactions between

individual particles is crucial to preventing this scenario from playing out.

This thesis deals with solid colloidal particles suspended in a liquid medium,
mostly within the context of self-assembly. Colloidal self-assembly is a relatively
new branch of the research area where, instead of keeping the colloidal particles
stably suspended, the aim is to assemble particles into complex structures. In

this way, colloids function as building blocks for new materials.

1.2 Directing colloidal assembly

A great deal of control over colloids is required for their assembly into a desired
structure. As their purpose now goes far beyond just being colloidally stable, this

will involve more complexity in colloidal systems.



Figure 1.2 Structures resulting from the self-assembly of rod-like colloidal
particles at a flat liquid interface. Taken from [10, [11].

One level on which control can be achieved are the properties of the colloidal
particles (Figure . Anisotropy in both colloidal shape and interactions
are of great current interest, and have already proven to be powerful tools to
control properties of self-assembled structures [3H5]. Advances in designing and
synthesizing increasingly complex building blocks have aided this [6l [7]. In some
of the studies presented in this thesis there is a focus on particle shape, which
specifically concerns rods. Interest in colloidal rods is not just recent. Probably
a striking example is the seminal work of Onsager from the 1940’s [§], predicting
them to form liquid crystalline phases on purely entropic grounds, as dictated by
the particle shape. As later confirmed and extensively studied in experiments and
simulations, their shape can thus lead to the formation of very specific ordered
structures. In contrast, disordered structures of rods have also been found to

have unique and useful properties [9].

Although colloidal rods by themselves are clearly nothing new, when subjected
to new situations their behaviour keeps providing the research field with new
possibilities. Recent experiments nicely demonstrate this for rods trapped at
liquid interfaces, where the organization of the particles is highly shape-specific
and tunable [I1H13] (Figure [1.2). Additionally, it was suggested that compared
to spherical particles rods could more effectively stabilize the interfaces, making
them potentially useful as emulsifiers [I4]. These observations partly inspired
the current work on rods. In fact, the first presented results will describe the
synthesis of versatile rod-like particles, designed with the intention of studying

them in the presence of liquid-liquid interfaces.

Another route to controlling colloidal assembly is offered by external stimuli. To
this end colloids are introduced to a more complex situation where, under influ-
ence of directing agents, external fields or templates, they are driven to assemble.

Termed “directed self-assembly” [15], this gives rise to many possibilities.
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Figure 1.3 Colloidal assembly directed by a liquid-liquid phase separation. (a)
Spherical particles assembled on a percolating interface via liquid-
liquid phase separation (the scale bar is 100 pm, taken from [16]).
(b) Simulations predict a percolating network to form when rods are
trapped inside the minority phase after liquid-liquid phase separation

(taken from [17]).

In one particular approach, a pair of partially miscible liquids is employed to
guide particle assembly. Mixing and phase-separation of the host solvent can
be controlled by choosing its composition, as well as by externally controlled
parameters, like temperature or pressure. During these dynamic processes
particles can be guided, through their interaction with the liquids, to assemble
into structures. Wetting of the colloidal particles is crucial in this scenario, as it
will determine their behaviour. Good control over assembly can be achieved by

adjusting this through modification of the colloid surface chemistry.

This thesis, while being motivated by much of the above, builds largely on various
studies that have looked into assembling colloids with partially miscible liquids.
An important example is the formation of bijels [I§], where spherical colloids are
trapped on percolating interfaces to stabilize bicontinuous liquid domains (Figure
1.3h). Using the specifically designed colloidal rods, the effect of particle shape on
these materials will be investigated. Furthermore, profoundly different routes to
directed colloidal assembly in this type of system (e.g. Figure ) are explored

with experiments.



1.3 Thesis outline

Chapter 2 will provide a detailed theoretical background to the topics of the
thesis. Based on existing literature, theory and information relevant to the
interpretation of results presented in later chapters will be reviewed. This
provides a good basis for presenting and discussing the results, which is done
in 3 parts, consisting of 2 chapters each. In the first results part, the
synthesis, properties and modification of colloidal core-shell rods that are used
to obtain some of the following results, are described. Where Chapter 3
details the synthesis, Chapter 4 focuses on particle properties and modification.
The second results part studies colloids in partially miscible liquids, where
the former are trapped at the interface after liquid-liquid phase separation.
More specifically, Chapter 5 is about rod-stabilized bijels, and Chapter 6
demonstrates the formation of cellular networks. Colloids in the third results
part, are completely wetted by the minority phase of a binary liquid mixture.
Chapter 7 is about shear-induced aggregation outside the binodal, and in
Chapter 8 quenches reaching inside the binodal are used to form percolating
networks of rods. Finally, Chapter 9 closes the thesis by summarizing the

conclusions and providing a general outlook.






Chapter 2

Theoretical background

This chapter provides the theoretical background for the results presented and
interpreted later on in the thesis. First, relevant theory on colloids and partially
miscible liquids is discussed. Aspects concerning the situation where these two
elements are combined, which will form the main topic of the thesis, are reviewed

last.

2.1 Colloidal interactions and phase behaviour

To answer the question, posed in the introduction, of why colloids are stable,
the interactions between the colloidal particles must be considered. When they
approach, there will be both attractive and repulsive forces acting between
suspended particles. Interparticle repulsions are key to keep colloids dispersed,
and there are 2 types that are responsible for this. Steric repulsions result from
the presence of a polymer layer at the surface of colloidal particles. At short
distances, these must overlap, and the corresponding osmotic pressure gives rise
to a strong repulsive force between particles. Longer ranged repulsions can be
present between like-charged particles, resulting in charge-stabilization. Only this

latter case is relevant here, and will now be discussed in some more detail.
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Figure 2.1 Schematic representation of the electrochemical double layer.
Encircled + and — represent solvated ions with, respectively, a
positive and negative charge.

2.1.1 Charge-stabilized colloids

Charges will be present on surfaces of colloidal particles in many, if not most,
systems. More than one mechanism exists that can generate surface charge |2, [19].
In this work the relevant mechanism is the ionization of chemical moieties on the

colloid surfaces under influence of the dispersing medium.

Charged surfaces will first of all interact with the chemical species in the
dispersing solvent, resulting in an electrochemical double layer. Ionic species
in the solvent will associate with the charged surface groups resulting in an ion
cloud around the particles, which is referred to as the electrochemical double
layer. The distribution of ions within it can be described with the Stern-Gouy-
Chapman model. It distinguishes an inner layer of ions strongly associated with
the surface, and a diffuse outer layer that stretches out towards the bulk (Figure
2.1). In the inner layer ionic species are not significantly affected by thermal
fluctuations, and some are only partially solvated due to the proximity of the
surface. Away from the inner and into the diffuse layer, the electrostatic potential
decays exponentially with distance. The Debye screening length (x71) is the
distance over which it drops by an exponential factor, and this is usually taken
to characterize the thickness of the double layer. [2] 19
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The DLVO potential

For the effective pair potential between charge-stabilized colloidal particles,
attractive and repulsive interactions need to be taken into account. DLVO
theory presents a model that does just this. Here, by first considering individual

contributions, its main outcome will be demonstrated.

Van der Waals interactions. For any molecule or atom, fluctuations in
its electron distribution induce a fluctuating dipole, resulting in attractive van
der Waals interactions between them. This interaction specifically is known
as the London— or dispersion interaction, and even occurs for neutral species.
Because colloidal particles consist of many atoms, this interaction introduces an

interparticle attraction.

Calculating it for two adjacent colloids involves summing over the interactions
between individual pairs of atoms present in the particles. For spherical particles

this leads to the following pair potential:

A 4R? 4R? 4R?
VVdW:—E (7“2—4R2+ 2 4+ 21n (1—?)> (21)

where A is the Hamaker constant, R the particle radius, and r the distance
between the particle centers. Since A depends on the polarisability and density of
the material, the interaction potential is strongly dependent on the composition
of the system. In the case of identical particles within a solvent, the effective
Hamaker constant for the particles through the solvent must be used. This can
be estimated from the Hamaker constants of the individual materials through a

vacuuln:

A~ (Ve v Ao ) (22)

Clearly the Van der Waals interactions will be stronger when the mismatch
between Hamaker constants is larger. While typically strongly attractive for small
separations between particles, the attraction falls off relatively quickly compared
to the particle radius. The interaction is therefore usually considered to be short-
range. [20, 21]



Double layer overlap. As two charged colloids approach, at some point their
electrochemical double layers will start to overlap. Where this happens, the local
ion concentration is the sum of the individual ion clouds, meaning that at the
mid-point it simply doubles. An increase in osmotic pressure results from the
difference between this increased local concentration and the bulk concentration,
pushing the particles apart. Thus, ultimately the electrostatic nature of the

repulsion is only indirect.

A combination of the Poisson equation and the Boltzmann equation can be
used to find the effective pair potential due to double layer overlap. First, in
the Debye-Hiickel approximation, the Poisson-Boltzmann equation is linearized.
When solved the osmotic pressure difference can be integrated with respect to
the distance between the surfaces, to arrive at the repulsive energy. For spherical
particles, ultimately an approximate potential of a screened Coulomb form was

derived by Verwey and Overbeek:

—k(r —2
Vito =W860a2¢§eXp( Rlr = 2)) (2.3)

r

where g is the dielectric permittivity of vacuum, ¢ is the relative permittivity
of the medium, a = 2R is the diameter of the particles, and 1y is the surface

potential. In more detail, here the inverse Debye screening length
1
2 2.\ 2
o (E 2z (2.4)
eeokpT

with z; and n; being, respectively, the valency and number density of ions in the
solution, Boltmann constant kg, and temperature 7. Naturally, the range and
strength of this repulsive pair potential depends heavily on the surface potential
and the Debye screening length. [2], 20 21]

The total potential. Summing individual contributions, a total potential can
be obtained:

Vorvo = Vwaw + Vaio + Veaui- (2.5)

Here, Vpy.; originates from the Pauli exclusion principle, and results in a hard-

sphere repulsion at contact of the surfaces. [2I] This simply entails a strong and
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Figure 2.2 Sketch of the total interaction potential and the individual
contributions of Van der Waals interactions and double layer
overlap.

extremely steep repulsive interaction, with as its only consequence that the solid
particles remain separate entities. It has no practical significance for colloidal
stability.

From combining the Van der Waals and double layer interactions, an effective
pair potential follows (Figure [2.2)). The most important outcome of doing this is
that, depending on the individual contributions, the steeper decay of the Van der

Waals term can result in a maximum.

Suspension stability

Now, with the framework offered by DLVO theory, stability in charge-stabilized

colloidal suspensions can be discussed. [20, 22]

First, it is noted that in a liquid medium particles are subject to thermal
fluctuations in the host material. Solvent molecules, due to their thermal
motion, constantly and randomly collide with a dispersed particle. As a result
a fluctuating net force acts on it, giving the particle a diffusive (“Brownian”)
motion. This is characterized by a diffusion coefficient, which for spherical
particles is given by the Stokes-Einstein equation:

kgT

D = 2.6
6™ R (26)
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where 7 is the viscosity of the solvent, which determines the time it takes for a

particle to travel a certain distance. [23]

Thus, eventually two suspended particles will meet, and interact according to
their pair potential. Examining Figure in more detail, a primary minimum
and an energy barrier can be distinguished. Kinetic stability is therefore achieved
when the barrier protects against aggregation due to the Van der Waals forces.
Through Brownian motion spherical particles will collide with an energy of
~ %k T, indicating that for a stable suspension the barrier should be significantly
higher than this.

Both terms included in the pair potential are proportional to particle size, overall
resulting in a higher energy barrier for larger particles. The balance between
the attractive and repulsive contributions can also give a secondary minimum at
distances further away from the surface than the energy barrier, especially for
large particles, when at longer range the attraction dominates again. Only weak

flocculation happens here and suspensions are easily re-dispersed by shear.

For the repulsive interaction from the double layer overlap the surface potential
1y and the Debye length x~! are the main parameters. In the electrochemical
double layer a thin layer that is only slightly thicker than the inner layer can
be considered stuck to the surface and therefore unaffected by shear. The outer
boundary of this layer defines a shear plane, the potential at which is called the
(-potential. Often it can be measured with electrokinetic methods, and since it
can also be expected to be close to 1y, it is often used in the calculation of V,.
Also since it provides a measure for surface charge density, it is important in

characterizing colloidal stability.

Now assuming there is a fixed surface potential, it is the Debye screening length
(k7!) that remains as the main parameter. Recalling that this is a measure of
the thickness of the double layer, it becomes clear that its alteration will affect
the range of repulsive interaction. Equation demonstrates the dependence of
k on the ionic strength, revealing that adding salt to the system will decrease the
double layer thickness. With the decreasing range of the repulsive interaction,
the energy barrier reduces, threatening colloidal stability. When the barrier
disappears aggregation can proceed unhindered as particles meet. The critical salt
concentration at which this occurs is called the critical coagulation concentration

(c.c.c.).

At high ionic strength or a low surface charge density conditions are often such

12



Figure 2.3 Sketch of a fractal-like aggregate.

that colloids aggregate. The rate at which this process proceeds depends on
whether or not there is still an energy barrier to cross for particles to actually
become stuck together. If not, as mentioned above, particles aggregate as soon
as they come into contact. This fast aggregation is only limited by diffusion and
also happens between for clusters, hence it is often called diffusion-limited cluster
aggregation (DLCA). Particles joining a cluster attach at the outside, resulting
in a very open aggregate structure with a fractal character (Figure . The
size R and mass M of a fractal-like aggregate are related as R ~ M/ where
for DLCA fractal dimension dy ~ 1.8. For comparison, the extreme cases are
a needle-like linear aggregate for which dy = 1, and a compact 3-dimensional

aggregate for which dy = 3.

Now take the case where there is an energy barrier (V},,,) preventing aggregation.
As the energy of a collision must exceed the barrier to successfully stick them
together, there is now a finite probability that this will happen. Also termed
reaction-limited cluster aggregation (RLCA), the rate constant associated with
aggregation will decrease from the fastest possible rate kp corresponding to
DLCA, to a lower rate kgr. Stability ratio W is defined as kp/kg, for which

a reasonable approximation can be found relating it to the energy barrier:

k:D 1 Vmax
W=—= ReXp(k’BT)' (2.7)
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2.1.2 Phase behaviour of colloids

Returning to stably suspended colloids again, these will in most cases be dilute
and due to gravity simply sediment with a velocity v. The force of gravity acting
on a single spherical particle having a density difference Ap with the solvent
(F, = %ﬂR?’Apg) is balanced by a frictional force from viscous drag in the solvent
(Fs = 6mnRv). A terminal sedimentation velocity will be reached:

_ 2R*Apyg

(%
t 977

(2.8)
The colloidal particles will over time thus effectively be concentrated near the

bottom of their container, depending on the gravitational length [, (for a particle

kB_T)

of buoyant mass m, [, = s

At high colloid concentration sometimes it becomes clear that, while constantly
performing Brownian motion, spontaneously ordering can arise among the
particles.  The initially disordered, purely repulsive particles end up in a
crystalline packing. By analogy to atomic systems this is regarded as freezing: a
fluid-crystal phase transition. Without the presence of any effective attractions
between particles, instead of energy driven, the phase transition must be driven
by entropy. Ordering actually appears to be related to an increase in free-volume
entropy, as compared to a disordered organization, as particles acquire more

freedom to move around in a crystalline packing.

In experiments this has been extensively studied. Most famous are samples
prepared by Pusey and Van Megen, demonstrating the freezing of sterically-
stabilized colloids with a hard-sphere repulsion [24]. The overall phase diagram
for hard spheres is well known, and also displays the formation of an amorphous
phase, a colloidal glass, when starting from an overcrowded suspension (Figure
2.4h). If the range of the repulsion is increased by using charge-stabilized colloids
crystallization occurs at lower volume fraction. It is important to realize that
this phase depends largely on the size uniformity of particles. Polydispersity,
defined as the ratio of the standard deviation in the size distribution to the mean
particle size, is used to characterize size uniformity. In experimental systems it is
often too high for particles to be able to crystallize (although fractionation under

gravity can help).

To complete the analogy with atomic systems, introducing weak attractive inter-
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Figure 2.4 (a) Hard-sphere phase diagram with volume fraction (numbers)
increasing from left to right. (b) Phase diagram when adding
attraction, where the horizontal axis plots the particle volume
fraction, and increasing attraction is plotted upwards along the
vertical axis (G = gas, L = liquid, C' = crystal) [2]3].

actions can result in a colloidal condensation, or gas-liquid phase transition. [23]
Colloids form a disordered, condensed phase under the influence of interparticle
attractions, most clearly observed when leading to a coexistence between two
phases at different density. The phase of high colloid concentration will sink
to the bottom and form a macroscopic colloidal liquid with, on top of it, a
colloidal gas at low density. Experimentally this can easily be observed by adding
a non-adsorbing polymer, to introduce attractive depletion interactions between
colloids. In this situation polymer coils are unable to enter the space between two
nearby colloids, the osmotic pressure difference between the solvent separating
the particles and the bulk pushes particles together. Varying colloid and polymer
concentrations a full phase diagram is obtained exhibiting gas-liquid coexistence

upon increasing attraction, with a crystalline phase at higher particle volume

fraction [25] (Figure 2.4b).

When strong attractions are present non-equilibrium structures will form. As
above, following DLCA particles could now become irreversibly stuck and form
open structures (e.g. Figure . It is not hard to imagine that space spanning
networks, usually called gels [26], can in this case easily form at relatively low

volume fraction.

In addition to the interactions also the shape of the particles can change, where
a well-known example is that of rod-like particles. Interestingly, these can
exhibit equilibrium phases with a degree of ordering intermediate between that
of a disordered liquid and a crystal with long-range positional order, which are
therefore called liquid-crystalline. This is due to the possibility of orientational

order. At low concentration the rods freely diffuse around without significantly
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Figure 2.5 (a) Liquid crystalline phases of rods. (b) Phase diagram from
simulations [27].

affecting each others motion, and without any positional or orientational order
this is called the isotropic phase (Figure 2.5h). The nematic phase (Figure [2.5p)
is found at higher concentration where the rods show long range orientational

order, characterized by a headless vector n referred to as the director.

The isotropic-nematic transition is again one of purely entropic nature [8]. Rods
will interact through the volume they effectively exclude from being occupied by
a nearby particle. This excluded volume will be small as they align, which is
at the cost of orientational entropy, but benefits the free volume entropy. Thus,
the isotropic-nematic transition happens when the loss in orientational entropy
is outweighed by the increase in free volume entropy. With increasing particle
aspect ratio, defined as the ratio L/D of the length L to the width D of the rods,

this will already be the case at lower particle concentration.

Quite a few other liquid crystalline phases with varying degrees of order exist
at higher rod concentration. The smectic phase is a noteworthy example which
demonstrates the introduction of some positional ordering (Figure 2.5p). Here
the rods form liquid-like layers containing only orientational ordering. The
phase diagram for hard rods of varying aspect ratio has been mapped out using
computer simulations [27] (Figure 2.5p).

Colloidal rods have been used in many experimental studies so various types
are available [, 28]. They range from inorganic and polymer based rods to
rod-like viruses (TMV, fd), and in many cases it has been observed that their
suspensions can indeed form various liquid-crystalline phases. To study them the
birefringence of the liquid crystalline phases is often used. Birefringence implies
that there is a difference between the refractive index parallel and perpendicular
to the director n, thus the polarization of linearly polarized light passing through

the material will change. Positioning the sample between 2 crossed polarizers in
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polarizing microscopy, only light that changes polarization due to birefringence
will be observed. [29] This provides a direct way to observe and study structure

in these suspensions.

2.2 Partially miscible liquids

As put forward in Chapter 1, an important part of the studies presented later is
on directing colloidal assembly with binary mixtures of partially miscible liquids.
Dynamical processes that can occur in them, as well as their underlying cause,

are reviewed in this section. [23] 30 [31]

2.2.1 The equilibrium state

Adding together two liquids, each of a single molecular species, can lead to
a homogeneous mixture or two separate volumes of homogeneous liquid, each
with a different composition. In other words, a binary liquid mixture can be
fully mixed and consist of a single phase, or it can be phase-separated and
exhibit two distinct phases. For certain liquid pairs, which of these states is in
thermodynamic equilibrium depends on system composition (z) and the pressure

(P) and temperature (7). These systems are called partially miscible liquids.

In experiments one typically deals with a fixed composition and pressure, leaving
temperature as a control parameter. Adjusting it can change the state of the
system, and since here the formation of at least one new phase is involved, the
process is referred to as a phase transition. In pairs of partially miscible liquids

a simple distinction between mixing and phase-separation can be made.

It will thus be of interest to know the equilibrium state of the mixture at a
particular composition and temperature. Thermodynamics dictates that, at a
fixed pressure, equilibrium is attained by minimizing the Gibbs free energy of
mixing

Gmiz = Hmiz — T'Smic, (2.9)
which is the change in the total Gibbs free energy associated with going from the
unmixed components to the mixed state. The system will therefore adjust its

enthalpy H,,;, and entropy S, to achieve this.
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Hence the equilibrium state comes down to the balance between entropy and
enthalpy. Entropy is the degree of disorder in the system, equivalent to the
number of possible configurations, which will be maximal when molecules are
fully mixed. Enthalpy represents the total thermodynamic energy of the system,
consisting of the sum of internal energy (U) and the work (PV) done on
the environment by volume (V) changes. With only slight changes in sample
volume, U dominates so that H,,;, will basically depend on the interaction
energies between molecules. These arise from van der Waals forces between
molecules. For like molecules these are usually more attractive, corresponding
to lower interaction energies, compared to van der Waals forces between different

molecules.

At high temperature the second term of equation [2.9|is dominant, and maximizing
it will therefore minimize the free energy. A homogeneous mixture will then

generally be the equilibrium state, as it maximizes S,,;z.

At lower temperature the contribution of the interaction energies between
molecules become more important. Therefore the dependence of H,,;, on
temperature needs to be evaluated. What will be of significance here are the
interaction energies between different molecules relative to those between like
molecules. Within the regular solution model this is characterized by interaction
parameter y, which expressed in units of kg7 is inversely proportional to
temperature. This reflects that at low temperature (high y) there are high
interaction energies between different